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i n t r o d u c t i o n

The first cases of acquired immunodeficiency syndrome (AIDS) were reported in 1981 

and since then AIDS has become one of the major causes of death worldwide (Friedman-

Kien, 1981; Gottlieb et al., 1981). Soon after, human immunodeficiency virus type-1 (HIV-1) 

was identified in 1983 as the cause of AIDS (Barre-Sinoussi et al., 2004; Gallo et al., 1983). 

In 1986 a less virulent virus (HIV-2) related to HIV-1 was isolated from patients in West-

Africa (Clavel et al., 1986). Since the beginning of the epidemic approximately 60 million 

people have been infected with HIV-1 and 25 million people died of AIDS related diseases. 

In 2008 approximately 33 million people were living with HIV-1 worldwide of which 71% 

reside in sub-Saharan Africa (http://www.unaids.org). HIV-1 is mainly transmitted via 

sexual intercourse or vertical through mother to child transmission (MTCT). MTCT occurs 

in utero, during delivery or post-partum as a result of breastfeeding.  Approximately 4-12% 

of seropositive mothers transmit HIV-1 to their child via the breastfeeding route (Coovadia 

& Kindra, 2008). 

Since the introduction of highly active antiretroviral therapy (HAART) HIV-1 has 

become a chronic disease in the western world with a significant improvement in life 

expectancy and quality of life. Unfortunately, worldwide in 2008 only 42% of those in need 

of treatment had access to HAART (http://www.unaids.org). Although HIV-1 infection is 

treatable, complete eradication of HIV-1 from the body of an infected individual is still 

not possible. Furthermore, infected individuals develop therapy resistant HIV-1 variants 

leading to therapy failure over time or experience toxicity problems (Aubert-Jousset et al., 

2004; Izzedine et al., 2009; Tozzi, 2010). 

Despite enormous progress has been made in better understanding HIV-1 infection 

and development of anti-HIV-1 therapy there is still no major progress in the development 

of an effective vaccine or cure. Therefore, we need to increase our knowledge with regards 

to HIV-1 pathogenesis. The research described in this thesis concentrates on identifying 

and further characterizing host molecules present in bodily secretions that can influence 

HIV-1 transmission and disease progression. Knowledge regarding such host factors could 

help clarify routes of HIV-1 transmission, develop microbicides and identify new targets 

for therapy. 

M o L e c u L a r  b i o L o G y  o F  H i V - 1  

HIV-1 belongs to the lentiviruses which comprise a subfamily of retroviridae and are 

generally associated to chronic disorders of the immune system and the central nervous 

system (Tang et al., 1999). All retroviruses contain at least the genes gag, pol and env 

encoding the structural proteins and enzymes required for virus replication. In addition 

to gag, pol and env, lentiviruses, contain extra genes required for efficient replication and 

persistence, and for HIV-1 these include tat, rev, vif, vpu, vpr and nef. The HIV-1 gag gene 

encodes for structural proteins capsid, matrix, nucleocapsid and p6 proteins which build 
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up the inner core of the virus particle. HIV-1 carries an RNA genome which, after infection, 

is reverse transcribed into DNA and the DNA is subsequently integrated into the host 

genome. The pol gene encodes the enzymes reverse transcriptase, integrase and protease 

which are essential for viral genome transfer and completion of the replication cycle. The 

env gene encodes for envelope protein gp160 which is cleaved into gp120 and gp41.  Gp120 

and gp41 assemble into the viral envelope that is essential for target cell binding and entry 

(Tang et al., 1999; Gomez & Hope, 2005). 

H i V - 1  d i S e a S e  c o u r S e

The clinical course of HIV-1 disease is characterized by different stages: primary/acute 

phase, clinical latency and AIDS. Primary infection is associated with a dramatic increase 

in virus load combined with a decrease of CD4 cells in the peripheral blood (Piatak, Jr. et 

al., 1993). This is followed by 3-4 weeks of fever-like symptoms accompanied by immune 

activation and decline of viral replication. Clinical latency is an asymptomatic period with 

continued viral replication and CD4 cell decline followed by AIDS when CD4 cell numbers 

drop below a critical level. Various groups of HIV-1 infected individuals can be distinguished 

based on their time of progression to AIDS. Patients progressing to the AIDS-stage within 

5 years or faster are termed rapid progressors whereas patients remaining in the clinical 

latency phase for over 10 years are known as long term non-progressors (Pantaleo & Fauci, 

1996). In addition, a small group of individuals known as elite controllers remain to have 

low virus loads for prolonged times (Hubert et al., 2000). 

The duration of the clinical latency period and time to AIDS is highly variable between 

different individuals and has been correlated among others to CD4 cell numbers and virus 

loads at setpoint and host genetic factors (de Wolf et al., 1997; Mellors et al., 1996). In 

addition, the virus phenotype establishing infection can affect HIV-1 disease course as 

was illustrated by Deacon and colleagues through a study of participants from the Sydney 

blood bank cohort (Deacon et al., 1995). A number of blood recipients infected through 

blood transfusion were identified who remained asymptomatic, as did the donor. This 

asymptomatic state was related to the donor having passed on an attenuated strain of HIV-1 

with related deletions in the nef/long terminal repeat (LTR) region of the viral genome. 

From studies in monkey with SIV it was shown that this viral genotype is associated with 

reduced viral replication and delay to disease progression (Deacon et al., 1995; Learmont 

et al., 1992).

Not only virus properties but also host factors influence HIV-1 disease course. Among 

genetic host factors are HLA alleles, which have been widely studied. Particularly, HLA 

B57, HLA B5801 and HLA B27 have been associated with slow disease progression (Hogan 

& Hammer, 2001). In addition to HLA B alleles other host factors including Trim 5a, 

DC-SIGN (dendritic cell-specific ICAM3 grabbing non-integrin), chemokine receptors and 

chemokine receptor ligands influence HIV-1 disease course (Manen et al., 2008; Koizumi 
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et al., 2007; Huang et al., 1996; Smith et al., 1997; Winkler et al., 1998). Chemokine receptors 

function as HIV-1 co-receptors during infection of CD4+ target cells.

H i V - 1  c o - r e c e P t o r S

Gp120 is a heavily glycosylated protein that can bind to a range of human cell receptors 

such as gp340, syndecans and C-type lectins Langerin and DC-SIGN (Stoddard et al., 

2009; de Witte et al., 2007a; Gallay, 2004; van der Vlist & Geijtenbeek, 2010; Bomsel & 

Alfsen, 2003). HIV-1 can infect cells that express the primary HIV-1 receptor CD4 and a 

co-receptor. HIV-1 gp120 binding to CD4 induces a conformational change in the gp120 

molecule which exposes the co-receptor binding site. Subsequent binding to the co-

receptor induces viral fusion with the host cell plasma membrane and injection of the 

viral core into the cytoplasm (Berger et al., 1999; Gomez & Hope, 2005). The two main 

co-receptors used by HIV-1 are chemokine receptors CCR5 and CXCR4, although other 

chemokine receptors have also been described to act as co-receptor (Berger et al., 1999; 

Alkhatib et al., 1996; Choe et al., 1996; Deng et al., 1996; Doranz et al., 1997; Doranz et al., 

1997; Dragic et al., 1996). Viruses using co-receptor CCR5 for entry are termed R5 variants 

and CXCR4 using viruses are called X4 variants. In addition to exclusive CCR5 or CXCR4 

using viruses, some HIV-1 variants can use both chemokine receptors and are referred to 

as dual-tropic R5X4 viruses. R5 viruses are preferentially transmitted and are exclusively 

associated with acute infection although there have been case reports where X4 variants 

were transmitted (Balotta et al., 1997; Biti et al., 1997; Theodorou et al., 1997). 

Although both R5 and X4 viruses are found in HIV-1 patients, new infections are almost 

exclusively established by R5 viruses. X4 variants emerge later in disease in approximately 

50% of patients typically coinciding with accelerated disease progression (Berger et al., 

1999). A mutant form of the CCR5 gene having a deletion of 32 nucleotides (CCR5-∆32) and 

premature termination of translation of the transcript was identified. Products of truncated 

CCR5-∆32 cannot be detected at the surface of the cell and individuals homozygous for the 

mutation confer resistance against HIV-1 infection (Liu et al., 1996; Paxton & Kang, 1998). In 

addition, CCR5-∆32 heterozygozity was shown to be associated with slower HIV-1 disease 

progression (Huang et al., 1996; Smith et al., 1997). 

HIV-1 binding to CCR5 or CXCR4 not only mediates fusion between virus and host cell 

membranes but also induces multiple intracellular signaling cascades (Davis et al., 1997; 

Wu & Yoder, 2009). Natural ligands binding to CCR5 or CXCR4 induce signaling pathways 

involved in cell survival, cell adhesion and chemotaxis (Wu & Yoder, 2009). In addition, 

chemokine receptor CXCR4 is involved in the regulation of T-cell migration, proliferation 

and differentiation (Wu & Yoder, 2009; Moser & Loetscher, 2001). Natural CCR5 ligands 

include macrophage inflammatory protein-1a (MIP-1a), macrophage inflammatory 

protein-1b (MIP-1b) and regulated on activation normal T expressed and secreted protein 

(RANTES). These ligands interfere with HIV-1 infection by R5 variants (Cocchi et al., 1996). 
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Stromal cell-derived factor-1 (SDF1) is the natural ligand of CXCR4 and blocks cell fusion of 

X4 HIV-1 variants (Bleul et al., 1996). In addition, BSSL from blood can bind to chemokine 

receptor CXCR4 (Panicot-Dubois et al., 2007; Aubert-Jousset et al., 2004). Mutations in 

CXCR4 and CCR5 ligands SDF1 and RANTES affect HIV-1 disease progression (Liu et al., 1999; 

Winkler et al., 1998). 

H i V - 1  i n F e c t i o n

Although millions are newly infected with HIV-1 every year, the risk of mucosal HIV-1 

transmission is relatively low. Depending on the route of transmission the estimated 

infection risk ranges from 1:200 to over 1:20000 exposures (O’Brien et al., 1994; Jin et al., 

2010; Leynaert et al., 1998; Varghese et al., 2002). Interestingly, risk of transmission via 

unprotected anal intercourse has remained similar in a population with a high proportion 

of patients on treatment when compared to the pre-HAART era (Jin et al., 2010). The 

low incidence of transmissions suggests the existence of one or more mechanisms of 

protection against infection with HIV-1.  An intact epithelial layer at the mucosa could, at 

least in part, prevent HIV-1 from interacting with its target cells and interfere with infection.

Mucosal surfaces in the gastrointestinal (GI), anorectal and genitourinary tracts are 

covered by a simple epithelial monolayer or with multilayered pluristratified epithelial cells. 

The GI tract, rectum and endocervix are covered with a monolayer of polarized epithelial 

cells that separate the inner from the exterior environment by means of tight junctions. 

Whereas vagina, exocervix, foreskin and anus have pluristratified non polarized epithelial 

cells that do not have tight junctions. In contrast to the polarized monolayer epithelium, 

multilayered pluristratified epithelium allows diffusion of extracellular molecules or other 

cell types such as dendritic cells (DCs) using paracellular pathways (Hladik & McElrath, 

2008; Bomsel & Alfsen, 2003; Bomsel, 1997). The mucosal epithelial layers provide a first 

line of defense against invading pathogens. 

Although an intact epithelium limits HIV-1 from access to its target cells, breaches in 

the epithelium could help overcome this limitation. Such breaches could occur in the oral 

cavity when solid food is consumed or through mechanical stress in the vagina or rectum 

during sexual intercourse. In addition, mucosal infections with other pathogens can cause 

ruptures in the protective epithelial layer (Coovadia & Kindra, 2008; Hladik & McElrath, 

2008; Hladik & Hope, 2009; Haase, 2010; Norvell et al., 1984). Alternatively, HIV-1 may 

cross the epithelial layer via transcytosis or through intra-epithelial gaps. 

Macrophages, CD4+ T-lymphocytes and DCs reside in the (sub-) mucosa and are cell 

types targeted by HIV-1 (Ostrowski et al., 1998; Rubbert et al., 1998; Ruiz et al., 1998; Zaitseva 

et al., 1997). R5 viruses mainly infect CCR5+ CD4+ memory T-lymphocytes and macrophages 

resulting in depletion of the memory T-lymphocyte population during acute infection but 

also other cell types such as DCs are infected (Zhu et al., 1993; Alkhatib et al., 1996; Platt 

et al., 1998; Schuitemaker et al., 1991; Mattapallil et al., 2005; Li et al., 2005). X4 viruses 
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arising later in infection mainly infect naïve CD4+ T-lymphocytes, which express high levels 

of CXCR4 (Koot et al., 1999; Blaak et al., 2000; Connor et al., 1997). 

Intra-epithelial Langerhans cells are specialized DCs that could be the first cells exposed 

to HIV-1 due to their localization in the mucosa (Bomsel, 1997; Meng et al., 2002; Hladik 

& McElrath, 2008). Langerhans cells express HIV-1 receptors CD4 and CCR5 and can be 

infected with R5 HIV-1 variants. Some studies reported expression of CXCR4 and infection 

with X4 viruses although infection with such viruses seems less efficient than with R5 

variants (Zaitseva et al., 1997; Dittmar et al., 1997; Kawamura et al., 2000). Langerhans cells 

express C-type lectin langerin, which captures virus for destruction in Birbeck granules 

thereby clearing infectious virus from the environment. This cell type has therefore been 

suggested to provide a protective layer against HIV-1 infection where the virus is destroyed 

(de Witte et al., 2007b; de Witte et al., 2008). 

DC-SIGN expressing DCs reside below the protective mucosal epithelial layer. DCs 

can be productively infected with HIV-1 (cis-infection) but in addition to infection, these 

cells can capture HIV-1 and transfer the captured virus to CD4+ T-lymphocytes (trans-

infection). The presence of DCs in co-culture with CD4+ T-lymphocytes was shown to 

enhance infection with HIV-1 (Cameron et al., 1992; Frank et al., 1999). DCs express HIV-1 

(co-) receptors CD4, CCR5 and, at decreased levels, CXCR4 (Lee et al., 1999). 

d e n d r i t i c  c e L L S

DCs are the most potent antigen presenting cells that sample the environment at entry 

sites for pathogens. Captured pathogens are processed into peptides and DCs mature and 

migrate to lymphoid organs where these peptides are presented to naïve T-lymphocytes. 

Depending on the type of pathogen or antigen captured, Th1, Th2 or Th17 adaptive immune 

responses are triggered. Activation of DCs is directed by pathogen recognition receptors 

such as toll like receptors (TLR) and C-type lectins. Interaction between pathogen and 

TLR induces signaling whereas C-type lectin binding can also result in internalization of 

the captured pathogen. Resting DCs or DCs receiving immune inhibitory signals induce 

immune tolerance via induction of suppressive regulatory T cells (Tregs) (Banchereau & 

Steinman, 1998; Adema, 2009; de Jong et al., 2010).

Several C-type lectins have been identified including the mannose receptor, BDCA-2, 

langerin, Dectin-1, DEC-205, liver/lymph node specific ICAM-3 grabbing non-integrin 

(L-SIGN) and DC-SIGN (Weis et al., 1998; Geijtenbeek et al., 2004). DC-SIGN is a major 

pathogen recognition lectin expressed by DCs and subsets of macrophages and B-cells in 

tissues such as gut mucosa, cervix, rectum, tonsils and lymph nodes (Jameson et al., 2002; 

Geijtenbeek et al., 2004). DC-SIGN binds terminal fucoses and high mannose structures of 

“self” antigens and pathogen glycans and recognizes a wide range of pathogens, including 

bacteria, fungi, parasites and viruses (van Liempt et al., 2004; van Liempt et al., 2006; Guo 

et al., 2004; van Kooyk & Geijtenbeek, 2003; Geijtenbeek et al., 2009). DC-SIGN can play 
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four distinct roles: as a scavenger receptor, pathogen recognition receptor, receptor in 

DC-T-cell synapse formation and DC homing receptor. 

Scavenger receptor DC-SIGN captures pathogens or pathogen antigens which are 

internalized by the DC, degraded and subsequently loaded onto MHC II molecules 

for presentation to resting CD4+ T-lymphocytes. DC-SIGN can also be exploited by 

several pathogens for infection (Halary et al., 2002; de Jong et al., 2008; de Witte et al., 

2006) among which HIV-1 that can hijack DC-SIGN to trans-infect CD4+ T-lymphocytes 

(Geijtenbeek et al., 2000a). Following capture by DC-SIGN, HIV-1 in part escapes from 

degradation and infectious virus is subsequently presented to CD4+ T-lymphocytes, 

resulting in infection of CD4+ T-lymphocytes (Geijtenbeek et al., 2000a). Antigen 

capture by DC-SIGN can also result in modulation of immune responses with mannose 

or Lewis type sugars resulting in either enhancement or suppression of proinflammatory 

responses respectively (Gringhuis et al., 2009). Furthermore, HIV-1 binding to TLR8 

and DC-SIGN induced signaling results in initiation of transcription and elongation of 

integrated HIV-1 provirus in DCs (Gringhuis et al., 2009). The efficiency of DC-SIGN 

mediated viral transfer can be enhanced by antibody neutralized virus. Fc receptors 

expressed by DCs bind antibodies bound to neutralized virus, thereby possibly increasing 

the amount of captured virus. Processing of captured neutralized virus by DCs can result 

in increased trans-infection of CD4+ T-lymphocytes. DCs preferentially transfer X4 virus 

variants (van Montfort et al., 2007; van Montfort et al., 2008).

In addition to its role in pathogen capture and recognition, DC-SIGN is involved in the 

formation of an immunological or infectious synapse between DCs and CD4+ T-lymphocytes 

(Geijtenbeek et al., 2000b; Arrighi et al., 2004). DC-SIGN is required for the formation of 

an infectious synapse through which HIV-1 is transferred from DC to CD4+ T-lymphocytes 

(Arrighi et al., 2004). Finally, DC-SIGN may play a role in migration of DCs to the peripheral 

tissue or recruitment to sites of inflammation (Garcia-Vallejo et al., 2008).

Human DC-SIGN gene polymorphisms associate with HIV-1 transmission and disease 

progression and decreased DC-SIGN expression in rhesus macaques is associated with 

accelerated disease progression (Liu et al., 2004; Koizumi et al., 2007; Yearley et al., 2008). 

Taken together this suggests a role for DC-SIGN during HIV-1 transmission and disease 

progression.

b r e a S t  M i L k  a n d  S e M e n  i n  H i V - 1  i n F e c t i o n

Human milk and semen contain a complex mixture of antibodies, proteins and glycans 

(Chalabi et al., 2002; Newburg, 2009). In addition, both bodily secretions contain a high 

variety of immune cells including monocytes, macrophages and lymphocytes (Chalabi et 

al., 2002; Goldman & Goldblum, 1997). Breastfeeding has historically been associated to 

enhanced survival of the breastfed child (Grulee et al., 1934) and both lactoferrin from 

milk and prostaglandins from semen have been implicated in the suppression of immune 
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responses (Haversen et al., 2002; Chalabi et al., 2002; Kelly & Critchley, 1997; Robertson & 

Sharkey, 2001). Human milk glycans provide protection against several pathogens such as 

campylobacter, Escherichia Coli and Norwalk virus  (Morrow et al., 2005; Newburg, 2009; 

Ruvoen-Clouet et al., 2006). Furthermore, lactoferrin (Berkhout et al., 2004; Harmsen et 

al., 1995; Swart et al., 1996), lysozyme (Lee-Huang et al., 1999), and secretory leukocyte 

protease inhibitor (SLPI)  (McNeely et al., 1995; McNeely et al., 1997) have been shown to 

possess anti-HIV-1 activity. In addition to its immune suppressive capacity, semen contains 

prostatic acidic phosphatase (PAP) that forms amyloid fibrils, which are able to enhance 

HIV-1 infection as well as infection with other retroviruses. These fibrils capture HIV virions 

and promote their attachment to target cells, thereby enhancing the infectious virus titer 

(Munch et al., 2007; Wurm et al., 2010). 

Human milk and semen from HIV-1 infected individuals carry both free HIV-1 virus 

particles and cell associated virus (Lewis et al., 1998; Miotti et al., 1999; Zhang et al., 

1998; Vernazza et al., 1999). Both cell associated and cell free virus can establish mucosal 

infection. This has been shown directly in vivo in rhesus macaques and indirectly in humans 

by comparing viral genetic sequences in women acutely infected with viral sequences from 

seminal leukocytes and seminal plasma (Hladik & McElrath, 2008). The presence of factors 

in milk and semen that interact with HIV-1 or its receptors is likely to influence transmission 

during breastfeeding or sex.  

o u t L i n e  t H e S i S

Despite enormous efforts in HIV-1 research, an effective vaccine or microbicide 

preventing HIV-1 transmission is still not available. Several receptors and cell types 

interacting with HIV-1 have been identified that could be targeted by microbicides to 

block HIV-1. But the presence of HIV-1 receptors will not only determine susceptibility 

to HIV-1 infection. Environmental factors able to interact with virus or receptor may also 

influence susceptibility. Therefore, at least in part, HIV-1 transmission will be influenced by 

molecules present during transmission at the mucosa such as in cervical secretions, semen 

and breast milk that interfere with or enhance infection with HIV-1. 

Among receptors potentially targeted by HIV-1 for transmission is the C-type lectin 

DC-SIGN, expressed by DCs and subsets of B-cells and macrophages  (Geijtenbeek et al., 

2000a; Rappocciolo et al., 2006; Satomi et al., 2005; Soilleux et al., 2002). Previous research 

demonstrated that both human milk and cervical vaginal lavage contain molecules that 

bind to DC-SIGN and interfere with DC-SIGN mediated HIV-1 trans-infection (Naarding et 

al., 2005; Jendrysik et al., 2005). In this thesis we further investigated the DC-SIGN binding 

properties of human milk and, additionally, of semen. 

In chapter 2 we describe the identification of bile-salt stimulated lipase (BSSL) in 

human milk as a major DC-SIGN binding glycoprotein expressing Lewis X. We demonstrate 

that DC-SIGN binding properties of milk are variable between milk samples derived from 
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different mothers. Although equal amounts of BSSL protein were present in the milks from 

the tested three mothers, we observed strong differences in DC-SIGN binding on western 

blot to BSSL. Furthermore, we observed that BSSL with weak DC-SIGN binding properties 

ran higher in the gel than BSSL with strong DC-SIGN binding capacity. BSSL protein size is 

highly variable due to a polymorphism in a tandem repeat motif located at the C-terminus 

of the protein (Stromqvist et al., 1997; Lindquist et al., 2002). We hypothesized that variation 

in DC-SIGN binding capacity of human milk is linked to this polymorphism in BSSL repeat 

number. In chapter 3 we investigated the DC-SIGN binding properties of milks derived 

from large groups of mothers from different geographical regions. We demonstrate that 

DC-SIGN binding properties of milk from different mothers are highly variable within the 

same geographical region as well as between different geographical regions. Furthermore 

we demonstrate that BSSL genotypes associate to the DC-SIGN binding properties of milk. 

BSSL is not only expressed in milk but has also been identified in blood, testis, adrenals, 

endothelial cells, aortic homogenate and human placenta (Panicot-Dubois et al., 2007; Lee 

et al., 1997; Li & Hui, 1997; Li & Hui, 1998; Shamir et al., 1996; Chen & Morin, 1971). Therefore we 

hypothesized that BSSL influences HIV-1 disease progression and, possibly, transmission. 

In chapter 4 we tested whether the variant BSSL genotypes identified in chapter 3 could 

be linked to HIV-1 disease progression and risk of infection in a cohort of homosexual 

men. Our research demonstrated that HIV-1 disease progression is indeed correlated 

to the BSSL genotype. In addition, the genotype dominant in patients with slow disease 

progression corresponds to the main genotype observed in highly exposed seronegative 

(HRSN) individuals. Our study also revealed that the BSSL genotype correlates to CD4 cell 

numbers prior to infection. 

Since cervical vaginal lavage and breast milk both contain molecules with strong 

DC-SIGN blocking properties we hypothesized that this may be a more general property of 

human secretions that interact with mucosa. We therefore investigated if seminal plasma 

also possesses DC-SIGN binding and HIV-1 blocking properties. In chapter 5 we describe 

our discovery that indeed seminal plasma also has strong DC-SIGN binding and HIV-1 

transfer blocking properties. We show that the DC-SIGN binding factor in seminal plasma 

is over 460 kDa. Using different analyses, including MALDI-TOF mass spectrometry, we 

identified mucin 6 as the DC-SIGN binding component in seminal plasma. Additionally, we 

tested seminal plasmas from different donors and demonstrated that the level of DC-SIGN 

blocking shows significant differences between seminal plasmas from different donors.
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a b S t r a c t

A wide-range of pathogens including HIV-1, Hepatitis C, Ebola, Cytomegalovirus, Dengue, 

Mycobacterium, Leishmania, and Candida albicans can interact with DC-specific ICAM3-

grabbing non-integrin (DC-SIGN), expressed on DCs and a subset of B cells. More 

specifically the interaction of the gp120 envelope protein of HIV-1 with DC-SIGN can 

facilitate the transfer of virus to CD4+ T-lymphocytes in trans and enhance infection. We 

have previously identified that a multimeric LeX component in human milk binds to DC-

SIGN, preventing HIV-1 from interacting with this receptor. Biochemical analysis reveals 

that the compound is heat resistant, trypsin sensitive and larger than 100kDa in size, 

indicating a specific glycoprotein as the inhibitory compound. By testing human milk from 

three different mothers we found the level of DC-SIGN binding and viral inhibition to vary 

between samples. Using SDS-PAGE, western blot and MALDI analysis we identified bile 

salt stimulated lipase (BSSL), a LeX containing glycoprotein found in human milk, to be 

the major variant protein between the samples. BSSL isolated from human milk bound to 

DC-SIGN and inhibited the transfer of HIV-1 to CD4+ T-lymphocytes. Two BSSL isoforms 

isolated from the same human milk sample showed differences in DC-SIGN binding 

illustrating that alterations in the BSSL forms explain the differences observed. These 

results indicate that variations in BSSL lead to alterations in LeX expression by the protein, 

which subsequently alters the DC-SIGN binding capacity and the inhibitory effect on HIV-1 

transfer. Identifying the specific molecular interaction between the different forms may 

aide in the future design of antimicrobial agents.  
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i n t r o d u c t i o n  

Dendritic cells (DCs) express, among other C-type lectins, the DC specific ICAM-3 

grabbing non-intergrin (DC-SIGN) receptor (Mitchell et al., 2001; Weis et al., 1998). 

DC-SIGN has been shown to interact with a wide array of pathogens including hepatitis C, 

Ebola, cytomegalovirus, Dengue virus, mycobacterium, Leishmania, Helicobacter pylori 

(Geijtenbeek & van Kooyk, 2003). The gp120 envelope glycoprotein of HIV-1, HIV-2 and 

SIV (Pohlmann et al., 2001; Yu Kimata et al., 2002; Geijtenbeek et al., 2000b; Geijtenbeek 

et al., 2000c; Geijtenbeek et al., 2000a; Wu et al., 2004) can interact with DC-SIGN and has 

been implicated to play an important role in HIV-1 transmission and disease progression 

through infection or propogation of viral replication in CD4+ T-lymphocytes establishment 

of infection (Geijtenbeek et al., 2000b; Geijtenbeek et al., 2000c; Hu et al., 2000; Pope et 

al., 1995; Reece et al., 1998; Rowland-Jones, 1999). DC-SIGN is also expressed by a subset 

of B-cells in the tonsils and blood, these cells also transfer HIV-1 to CD4+ T-lymphocytes 

in culture, indicating a role for B cells in HIV-1 transmission and disease progression 

(Rappocciolo et al., 2006). 

We previously identified that Lewis X (LeX), 3-fucosyl-N-acetyllactoseamine, in human milk 

can inhibit DC-SIGN dependent transfer of HIV-1 to CD4+ T-lymphocytes by binding to 

DC-SIGN and blocking the viral interaction with the receptor (Naarding et al., 2005). We also 

demonstrated that the sugar epitope in milk is likely part of a larger molecule, either as an 

oligosaccharide or protein associated. The sugar epitope has been identified in many bodily 

fluids, including saliva, blood and human milk and has also been shown to be present in a 

number of pathogens (Bergman et al., 2004) and pathogen extracts (van Die et al., 2003). 

Bile salt stimulated lipase (BSSL) is a LeX carrying glycoprotein (McKillop et al., 2004) 

secreted by the pancreas, which is activated by bile salts in the intestine. BSSL is also 

expressed by the mammary gland and present in human milk (Blackberg et al., 1987) at a 

concentration of 100-200 mg/ml (Stromqvist et al., 1995). Neonates normally only secrete 

small amounts of colipase-dependent pancreatic lipase into the duodenum (Hernell 

& Blackberg, 1994) so gastric lipase as well as BSSL in human milk markedly enhance fat 

digestion in the newborn (Bernback et al., 1990). Both pancreatic and human milk BSSL 

were shown to be identical at the amino acid level (Nilsson et al., 1990; Kumar et al., 1992), 

while substantially varying in their carbohydrate content (Sugo et al., 1993; Mas et al., 

1993) with LeX being present at the C-terminus of BSSL (McKillop et al., 2004; Landberg 

et al., 1997). BSSL is also present in testis and adrenals (Lee et al., 1997) and blood plasma 

of humans (Lombardo et al., 1993). BSSL is produced by stimulated macrophages (Li & 

Hui, 1997) and eosinophils (Holtsberg et al., 1995) and its activity has been detected in 

endothelial cells (Li & Hui, 1998), aortic homogenate (Shamir et al., 1996) and human 

placenta (Chen & Morin, 1971).  

Here we demonstrate that the compound in human milk that binds DC-SIGN and inhibits 

HIV-1 transfer is heat resistant, trypsin sensitive and over 100 kDa in size. Human milk 



2 

B
SSL B

IN
D

S D
C

-SIG
N

 A
N

D
 IN

H
IB

IT
S H

IV
-1 T

R
A

N
SFE

R

28

samples from different mothers were shown to possess varying levels of inhibitory activity 

associated with altered LeX expression and DC-SIGN binding of a specific protein. MALDI 

analysis led to the identification of BSSL as the variant protein. We illustrate that BSSL isolated 

from human milk can bind DC-SIGN and inhibit HIV-1 transfer to CD4+ T-lymphocytes and 

that binding can be alleviated with an antibody against LeX, demonstrating the significance 

of the LeX epitope. We have identified BSSL as a major glycoprotein in human milk that has 

the capacity to bind DC-SIGN and have shown differences in its binding capacity between 

different mothers. 

r e S u L t S

biochemical analysis of the dc-SiGn binding compound in human milk. In order to 

determine whether the previously identified inhibitory activity of human milk is protein 

associated or not, we trypsin treated milk S3 and tested this in the DC-SIGN-Fc binding 

ELISA (Figure 1A). Human milk incubated with medium showed DC-SIGN specific binding 
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Figure 1. Biochemical analysis of DC-SIGN 
binding component in human milk. (A) 
The DC-SIGN-Fc binding capacity of the 
trypsin treated human milk (HM) (1/40 
end concentration) was measured by DC-
SIGN-Fc binding ELISA. The DC-SIGN-Fc 
binding background level was obtained 
by preincubation with AZN-D1 (DC-SIGN 
specific blocking antibody) and EGTA. 
* represents P < 0.01 compared to the 
binding of the human milk incubated 
with RPMI. (B) Raji-DC-SIGN cells were 
incubated with the trypsin treated human 
milk (HM) or controls in the presence 
of HIV-1 before washing and addition of 
CD4+ T-lymphocytes. As a control Raji or 
Raji-DC-SIGN cells were incubated with 
PBS and virus before addition of CD4+ 
T-lymphocytes. CA-p24 production was 
measured at day 7 by standard ELISA. * 
represents P < 0.01 inhibition compared 
to Raji-DC-SIGN (C) Human milk (HM) (1:2 
dilution) was heated at 99°C for 10 min 
before determination of the DC-SIGN-Fc 
binding capacity. AZN-D1 and EGTA were 
used as controls to show DC-SIGN-Fc 
specific binding. * represents P < 0.001 
when comparing heat treated milk to a 
non-treated sample.  Standard deviations 
are depicted in all graphs.
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whereas the trypsin treated milk showed a significant reduction in binding to DC-SIGN 

(P < 0,01), although not all activity was lost. This result was confirmed in the DC-SIGN-

mediated HIV-1 transfer assay, demonstrating a reduced inhibition of HIV-1 infection with 

the trypsin treated human milk in comparison to the untreated sample (Figure 1B). We 

could not alleviate the activity entirely, highlighting that the inhibitory activity is robust. 

These results reiterate that the inhibitory compound in human milk is protein or protein 

associated. 

We next tested whether heating of the human milk S3 could alleviate DC-SIGN binding 

or HIV-1 inhibitory activity. Heating the milk to 99°C induced no loss of DC-SIGN-Fc 

binding in either the ELISA assay (Figure 1C) or in the gp120 bead adhesion assay with either 

Raji-DC-SIGN cells or iDC. Heating the milk sample also did not diminish inhibition in the 

HIV-1 viral transfer assay (data not shown), indicating that the protein does not loose its 

antiviral function when the native structure is lost. Interestingly, significant enhancement 

(p < 0.001) of DC-SIGN binding was observed in the binding ELISA (Figure 1C) as well as 

increased inhibition in the Raji-DC-SIGN transfer assay (data not shown) for the heated 

human milk sample and has been reproducible in four separate experiments. 

the >100kda fraction contains the active compound in human milk. To gain an 

indication as to the size of the protein responsible for the inhibitory activity we performed 

size fractionation of human milk. S3 was fractionated and the obtained fractions were 

tested in the DC-SIGN-Fc binding ELISA (Figure 2A). Specific binding to DC-SIGN was 

only observed with the >100 kDa fraction, however, non-specific binding was seen with 

the 30-100 kDa fraction. We also performed a gp120 bead adhesion assay for the same 

fractions and observed that only the >100 kDa fraction is able to inhibit interaction of 

DC-SIGN with gp120 (Figure 2B), indicating that the binding observed with the 30-100 kDa 

fraction is indeed non-specific (Figure 2A). The gp120-Raji–DC-SIGN interaction could 

be inhibited with AZN-D1, mannan and EGTA illustrating the DC-SIGN specificity of the 

binding. Incubation of iDC and with the different fractions before addition of fluorescent 

gp120 beads (data not shown) also confirmed that the >100 kDa contains the inhibitory 

compound(s). In the Raji-DC-SIGN culture assay both the unfractionated milk and the >100 

kDa fraction of the human milk show significant (P < 0.01) inhibition compared to the PBS 

control (Figure 2C). The reduced transmission observed with the 30-100 kDa fraction is not 

statistically significant and unlikely due to factors binding DC-SIGN since the fraction was 

negative in the gp120 bead adhesion assay (Figure 2B). 

Variation in binding activity between human milk samples from three different 

mothers. To determine whether variability in the DC-SIGN binding capacity of human milk 

exists between mothers, we tested milk samples from three individuals (S1, S2 and S3). The 

three samples were tested in the DC-SIGN-Fc ELISA (Figure 3A) and the DC-SIGN transfer 

culture assay (Figure 3B). In the DC-SIGN-Fc ELISA both S1 and S2 demonstrate low to no 
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binding differences compared to the relevant AZN-D1 and EGTA controls, whereas S3 shows 

increased binding (P < 0.01) in comparison to AZN-D1 and EGTA (Figure 3A). The DC-SIGN-Fc 

ELISA results were confirmed by the DC-SIGN transfer culture assay (Figure 3B), which showed 

a significant loss of inhibition at a dilution of 1:256 for S1 and S2 in comparison to S3, which still 

showed significant inhibition (P < 0.02) of HIV-1 transfer at a dilution of 1:2048. These results 

demonstrate that the inhibitory activity is significantly different between mothers.

identification of bSSL as an inhibitory glycoprotein. Since we previously identified that 

LeX is involved with the inhibitory activity (Naarding et al., 2005) of milk. We performed 

western-blot analysis with both aLeX Ab as well as the DC-SIGN-Fc product to try to 

identify the factor. We performed western-blot staining of human milks S1, S2 and S3 with a 

LeX specific antibody (Figure 4A). Upon comparison of the different samples we observed a 

band above 100 kDa in S3, which was not detected in S1 or S2, for equal total protein amount, 

indicating a difference in LeX expression. The LeX staining result also demonstrates that 

the lower molecular weight proteins are efficiently glycosylated to contain LeX epitopes 
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Figure 2. The inhibitory component 
of human milk is present in the 
>100kDa fraction of human milk. (A) 
DC-SIGN-Fc binding of the different 
size fractionation was determined 
for the human milk fractions (1:100) 
in the DC-SIGN-Fc binding ELISA 
with AZN-D1 and EGTA controlling 
for DC-SIGN binding specificity. * 
represents P < 0.01 compared to the 
relevant control. Standard deviations 
are depicted. (B) Raji-DC-SIGN cells 
were incubated with the different size 
fractions before washing and addition 
of fluorescent gp120 beads. To control 
for DC-SIGN specific binding the 
cells were also incubated with EGTA, 
mannan and AZN-D1. (C) The Raji-DC-
SIGN cells were incubated with the 
different human milk size fractions 
(1/4) and virus before addition of 
CD4+ T-lymphocytes. As a control Raji 
or Raji-DC-SIGN cells were incubated 
with PBS and virus before addition 
of CD4+ T-lymphocytes. CA-p24 
production was measured at day 7 
by standard ELISA. * represents P < 
0.01 compared to the PBS control. 
Standard deviations are depicted.
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with no major quantitative difference between the three mothers, suggesting that these 

lower LeX associated molecular weight proteins are not involved in the observed inhibitory 

activity, which is in accordance with the size fractionation experiment showing the factor 

as >100 kDa. In the DC-SIGN-Fc stained western-blot (Figure 4B) the S3 sample contains 

a clear band at a similar molecular weight, but much less pronounced than in S1 and S2. 

We also observe that the equivalent band of S1 and S2 runs higher in the gel than the one 

from S3. These results are in accordance with the differences in inhibitory activity observed 

between the samples. The Coomassie stained SDS-PAGE gel (Figure 4C) also shows a band 

59.6 -

112 -

S1   S2   S3 S1   S2   S3 S1   S2   S3

A B C

Figure 4. Western blot and 
Coomassie staining of three human 
milk samples with different DC-SIGN 
binding capacity. (A) western blot of 
human milk S1, S2 and S3 stained with 
LeX specific antibody. (B) western 
blot stained with DC-SIGN-Fc. (C) 
Coomassie stained SDS-PAGE gel. 
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Figure 3. Differences in DC-SIGN binding 
capacity of human milk samples from three 
mothers (S1-S3). (A) The DC-SIGN-Fc binding 
capacity was measured for three different 
human milk samples (1:200). Pre-incubation 
of DC-SIGN-Fc with AZN-D1 and EGTA 
controlled for DC-SIGN specific binding. 
* represents P < 0.01 compared to normal 
DC-SIGN-Fc binding. (B) Different dilutions 
of the milk samples (S1-S3) were tested in 
the Raji-DC-SIGN transfer culture assay. To 
control for infection, Raji or Raji DC-SIGN 
cells were incubated with PBS and virus 
before addition of CD4+ T-lymphocytes. 
CA-p24 production was determined on day 
7 by standard ELISA. * represents P < 0.02 
compared to the PBS control. Standard 
deviations are depicted in both graphs.

a

b

a b c



2 

B
SSL B

IN
D

S D
C

-SIG
N

 A
N

D
 IN

H
IB

IT
S H

IV
-1 T

R
A

N
SFE

R

32

at the corresponding molecular weight and demonstrates even more clearly that the 

bands in human milk S1 and S2 run higher than the band of interest in S3. 

We subsequently extracted the protein from the appropriate SDS-PAGE bands of S1, 

S2 and S3. The peptide mass fingerprint analysis of the selected protein bands identified it 

as human bile salt stimulated lipase (AAA63211) with 20 peptides out of 35 matching (at 30 

ppm or below). The sequence coverage was 32 % and the Probability based MOWSE score 

199 (with protein scores greater than 76 considered significant). The identification of BSSL 

is in accordance with the observation that the protein expresses LeX (McKillop et al., 2004). 

bSSL can inhibit dc-SiGn binding and dc-SiGn mediated transfer of HiV-1 to cd4+ 

lymphocytes. To confirm that BSSL can serve as an inhibitory compound in human milk we 

isolated BSSL from S4. The isolated BSSL was tested in the DC-SIGN transfer culture assay 

(Figure 5A) and showed significant inhibition at 30 mg/ml and 1.2 mg/ml (P < 0.05). The 

addition of BSSL (30 mg/ml) to Raji-DC-SIGN cells did not affect cell counts or viabilities as 

tested by trypan blue exclusion (data not shown), suggesting that the protein is not toxic 

to the cells. The DC-SIGN-Fc ELISA (Figure 5B) showed binding at concentrations of 30 mg/

ml, 3 mg/ml and 0.3 mg/ml BSSL (P < 0.01) illustrating that BSSL can indeed bind to DC-SIGN 

and inhibit DC-SIGN mediated transfer of HIV-1 to CD4+ T-lymphocytes. In order to show 

that BSSL has the same characteristics as the human milk inhibitory factor we performed 

trypsinization and heat treatment of purified BSSL and determined it to be heat resistant 

and trypsin sensitive (data not shown), in accordance with the results obtained with human 
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Figure 5. BSSL binds DC-SIGN and 
prevents transfer of HIV-1 to CD4+ 
lymphocytes. (A) Raji-DC-SIGN cells 
were incubated with different dilutions 
of BSSL isolated from human milk (S4) 
and virus before addition of CD4+ 
T-lymphocytes. As a control Raji and 
Raji-DC-SIGN cells were incubated with 
PBS instead of BSSL. CA-p24 production 
was determined on day 7 by standard 
ELISA. * represents P < 0.05 compared 
to the PBS control. (B) DC-SIGN-Fc 
binding capacity was determined 
by ELISA for different dilutions of 
BSSL isolated from human milk (S4). 
To control for DC-SIGN specificity 
DC-SIGN-Fc was pre-incubated with 
AZN-D1 and EGTA to allow comparison 
to the relevant binding without 
inhibitor. * represents P < 0.01. Standard 
deviations are depicted in both graphs.
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milk. Interestingly, as with the human milk sample the BSSL binding is not fully abrogated by 

trypsin treatment suggesting again a robust activity against the binding of HIV-1 to DC-SIGN.  

bSSL binding to dc-SiGn can be blocked with LeX antibodies. To confirm our hypothesis 

that LeX is (or part of) the active component of the glycoprotein BSSL, we pre-incubated 

BSSL with LeX IgM before addition of DC-SIGN-Fc in the DC-SIGN-Fc binding ELISA. The 

DC-SIGN binding capacity of BSSL could 

be blocked by pre-incubation with the 

LeX specific Ab (Figure 6), confirming 

that the LeX expressed by BSSL is crucial 

for DC-SIGN binding. 

two isoforms of bSSL from the same 

human milk sample show a difference 

in dc-SiGn binding capacity. To further 

analyze the correlation between the size 

of BSSL and the DC-SIGN binding capacity 

we isolated two isoforms, variant in size, 

from the same mother. The larger isoform 

(132 kDa) demonstrated a decrease 

in DC-SIGN binding compared to the 

smaller form (102 kDa) of BSSL (Figure 7), 

indicating that the differences in binding 

between the mothers is most likely due 

to the difference in the BSSL isoforms. Since the two bands are isolated from a single milk 

sample from the same mother then the different binding patterns are unlikely to be due to 

differences in LeX secretor status or difference in the activity of fucosyltransferases. 

d i S c u S S i o n

DC-SIGN binding differences between milk from different mothers were observed and 

analyzed by Western blot and MALDI technology, which enabled us to identify BSSL as a 
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Figure 6. DC-SIGN-Fc binding can be blocked 
with a LeX specific antibody. BSSL was plated 
at a concentration of 0.3 mg/ml and before 
addition of DC-SIGN-Fc the coated BSSL was 
pre-incubated with the LeX specific antibody. 
DC-SIGN-Fc was also pre-incubated with 
AZN-D1 and EGTA to determine specificity 
of binding. Standard deviations are depicted.
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Figure 7. Variant BSSL size isoforms show differential 
binding to DC-SIGN. Two BSSL isoforms isolated from 
the same human milk sample (S5) demonstrate a 
difference in DC-SIGN-Fc binding capacity. Different 
dilutions of the BSSL were plated and the DC-SIGN-
Fc binding was determined by ELISA. To control for 
specificity of the binding the DC-SIGN-Fc was pre-
incubated with AZN-D1 or EGTA. The highest binding 
of these controls was subtracted from the observed 
binding without an inhibitor.  
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DC-SIGN binding glycoprotein found in human milk that can efficiently block the transfer 

of HIV-1 to CD4+ lymphocytes. We had previously identified that a LeX saccharide containing 

human milk compound could bind to DC-SIGN and thereby prevent the interaction of the 

receptor with the gp120 molecule of HIV-1 (Naarding et al., 2005). We demonstrate here 

that the inhibitory activity of human milk resides within the >100 kDa size fraction, even 

though LeX motifs are also linked to proteins of lower molecular weight, corresponding 

to our previous observation that not all LeX containing compounds could mimic the 

inhibitory effect of human milk (Naarding et al., 2005). We show that the inhibitory activity 

of purified milk BSSL shares properties with whole milk (Naarding et al., 2005) in being 

trypsin sensitive and heat resistant. We also demonstrate that as with whole milk pre-

treatment of purified native BSSL with an antibody against LeX interferes with both the 

binding activity and the block of viral transfer. Collectively, these results indicate that BSSL 

in human milk is one of the main or the only glycoprotein(s) binding to DC-SIGN providing 

the viral inhibitory activity of human milk. 

BSSL is expressed in human milk at a concentration of 100-200 mg/ml, in our experiments 

30 mg/ml of BSSL showed inhibition of viral transfer and high binding to DC-SIGN. The 

observed BSSL concentration corresponds to 1/3-1/6 dilution of the human milk even though 

we previously showed complete inhibition of viral transfer at a 1/128 dilution (Naarding et 

al., 2005). This discrepancy could be the result of the presence of an additional inhibitory 

factor in milk, even though we observe complete correlation between the DC-SIGN binding 

capacity and the LeX and DC-SIGN-Fc staining of the BSSL band in the western blot analysis. 

More likely the DC-SIGN binding activity of BSSL is diminished by the purification from 

human milk. No pro-enzyme of BSSL exists, and BSSL is always present in its active form in 

human milk. Breakdown products of the BSSL protein could be present in human milk but we 

demonstrated no DC-SIGN binding activity in the smaller size fractionations suggesting that 

the larger protein is required to provide for the inhibition.   

Variations in DC-SIGN binding and viral transfer inhibition capacities were observed 

in milk from different mothers in which variations in BSSL protein size and LeX expression 

patterns were apparent. Differences were also identified between two isoforms of BSSL 

isolated from the same milk sample. The BSSL gene is located on chromosome 9 and 

contains 11 exons. Exon 11 has on average 16 repeat domains of 11 amino acids (amino acids 

536-711) at its C-terminus containing a high number of O-glycosylation sites whilst the 

N-terminus contains only one potential N-glycosylation site (Asn 187) (Baba et al., 1991; 

Reue et al., 1991). Variant isoforms of BSSL have been shown to differ in the number of 

repeats at the C-terminus of the molecule (Stromqvist et al., 1997; Lindquist et al., 2002) 

which has been shown to be the domain with a high expression of LeX (McKillop et al., 

2004), likely explaining for the observed correlation between LeX expression and BSSL size. 

In accordance with our observation it has been shown that the expression of LeX can vary 

between mothers (Landberg et al., 1997). 
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BSSL has been characterized for its lipase activity which is lost after heating at 50°C 

(Hernell, 1975). Here we show that the DC-SIGN binding capacity is not lost after boiling 

indicating that enzymatic function and tertiary structure of the protein are not required for 

DC-SIGN binding or inhibition of viral transfer. It has been postulated that the high proline 

content in the C terminal region prevents it from folding into a compact secondary structure 

resulting in a flexible, open configuration (Reue et al., 1991), which could explain for the heat 

resistant property of the repeat section. We are currently in the process of analyzing further 

the enhancing effect to inhibition upon heating of the milk and determining whether heating 

of the weak binding S1 and S2 samples provides for a similar enhancement.  

Interestingly BSSL is found in the blood plasma of a number of mammals, including 

humans (Lombardo et al., 1993) and has been postulated to be derived from the 

pancreas (Bruneau et al., 2003) and has also been shown to be produced by stimulated 

macrophages  and human eosinophils (Holtsberg et al., 1995) and is present in testis 

and adrenals (Lee et al., 1997) endothelial cells (Li & Hui, 1998), aortic homogenate 

(Shamir et al., 1996) and human placenta (Chen & Morin, 1971). Given the wide-array 

of anatomical sites and cell-types producing BSSL it will be interesting to determine 

whether expression of BSSL can influence microbial transmission, dissemination and 

pathogenesis of a number of infectious agents. Differential expression of BSSL or indeed 

its variant isoforms may prove to have significant implications for HIV-1 pathogenesis 

in general by relating to the overall viral loads obtained in individuals after infection. 

This type of association will be identified through screening HIV-1 infected cohorts for 

the presence of the variant BSSL isoforms or the expression levels in plasma. Another 

immunomodulatory molecule Mac-1 has been shown to interact with DC-SIGN (van 

Gisbergen et al., 2005). Mac-1 is expressed on neutrophils and therefore identifying 

natural proteins that can block DC-SIGN may have implications for modulating immune 

responses involving this cell type. 

Fucosyltransferases are responsible for the complex sugar additions and modifications of 

proteins. Mutations in fucosyltransferase genes have been previously identified (Kelly et al., 

1995) and could result in the variant expression of LeX on BSSL and other proteins. Individuals 

can be divided into secretors or non-secretors for specific sugar epitopes based on expression 

patterns of such proteins. Our results show that lower molecular weight proteins are equally 

stained in western blots with the LeX Ab using milk from different mothers suggesting that 

the difference observed for BSSL is not due to alterations in such fucosyltransferases and that 

the LeX glycosylation machinery is functional for all mothers tested. 

Here we identify a LeX expressing glycoprotein, BSSL, which binds to DC-SIGN and can 

prevent its interaction with HIV-1, leading to the blocking of HIV-1 trans infection of CD4+ 

T-lymphocytes. It remains to be determined whether BSSL is the only DC-SIGN binding 

glycoprotein present in human milk or whether other glycoproteins can provide binding 

and inhibitory function. Linking variant BSSL isoforms or levels of expression with viral 

transmission rates via breastfeeding may provide evidence for DC-SIGN involvement in 
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the mucosal transmission of HIV-1. Interestingly, a molecule in cervicovaginal lavage has 

also been identified to bind to DC-SIGN but is as yet unidentified (Jendrysik et al., 2005). 

Elucidating the precise molecular interactions of the different BSSL forms, with different 

inhibitory activities, may lead to the development of a DC-SIGN binding molecule that can 

be incorporated into future antimicrobial or immunomodulatory agents. 

M a t e r i a L S  a n d  M e t H o d S

cells. The Raji and Raji-DC-SIGN cell lines were obtained and cultured as previously 

described (Geijtenbeek et al., 2000b; Naarding et al., 2005). Peripheral Blood Mononuclear 

Cells (PBMCs) were isolated from three buffy coats by standard Ficol-Hypaque density 

centrifugation, pooled and frozen in multiple vials. After thawing, PBMCs were activated 

with phytohemagglutinin (2 mg/ml) and cultured in RPMI medium containing 10% FCS, 

penicillin (100 units/ml) and streptomycin (100 units/ml) with recombinant interleukin-2 

(100 units/ml). On day 3 the cells underwent CD4+ enrichment by incubation with CD8 

immunomagnetic beads (Dynal, Breda, The Netherlands) and negatively selected according 

to the manufacturers instructions and cultured with IL-2 (100 units/ml). Dendritic cells 

for use in the gp120 bead adhesion assay were generated from PBMCs with cells layered 

on a standard Percoll gradient (Pharmacia, Uppsala, Sweden). The light fraction with 

predominantly monocytes was collected, washed, and seeded in 24-well or 6-well culture 

plates at a density of 5 x 105 cells or 2.5 x 106 per well, respectively. After 60 min at 37°C 

the adherent cells were cultured to obtain immature DCs in Iscove’s modified Dulbecco’s 

medium (IMDM) with gentamicin (86 µg/ml) and 10 % fetal clone serum (Hyclone, Logan, 

Utah) and supplemented with granulocyte-macrophage colony-stimulating factor (GM-

CSF) (500 units/ml) and Interleukin-4 (IL-4) (250 units/ml). 

Viruses. Replication competent HIV-1 stocks were generated by the passage of viruses 

through CD4+ lymphocytes with Tissue Culture Infectious Dose (TCID
50

/ml) determined by 

limiting dilution on CD4+ enriched lymphocytes (Pollakis et al., 2001). Subtype B molecular 

cloned viruses LAI (X4) was used as the virus in all experiments.

biochemical analyses of human milk. Human milk was incubated with trypsin-EDTA (1X) 

(Invitrogen, Breda, The Netherlands) or RPMI (Invitrogen, Breda, The Netherlands) for 3 hours 

while shaking at 37°C, after which the trypsin was inactivated by heating at 95°C for 10 min. 

Human milk was fractionated with the use of microcon centrifugal Filter devices 

(Millipore, Amsterdam, The Netherlands), sizes 3,000; 10,000; 30,000 and 100,000 

NMWL. First the milk was loaded onto the 3,000 NMWL filter device, the retained fraction 

was loaded to the next filter, whilst compensating for lost volume with PBS. The standard 

manufacturers protocol was followed to obtain the different fractions.  
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Human milk and bSSL. Human milk samples were collected from three mothers (S1, S2 and 

S3) in Amsterdam, the Netherlands. S1 and S3 were collected after 6 months of lactation 

and sample S2 was taken at an unknown timepoint. Internal review board approval was 

not required since the samplings were to be discarded material. The milk was centrifuged 

at 400xg for 10 min followed by centrifugation at 530xg for 10 min to remove lipid and 

cells. The human milk samples were sterilized by sequential filtration through 0.45 µm and 

0.2 µm syringe filters (Schleicher & Schuell, Amsterdam, The Netherlands). Milk samples 

were also collected from two additional mothers in Umeå, Sweden, from which BSSL was 

isolated (S4 and S5). 

BSSL was isolated from human milk as previously described (Blackberg & Hernell, 

1981) but with using a second heparin-Sepharose chromatography rather than affi-Gel 

blue sepharose for final purification. Collected fractions were analyzed for BSSL by lipase 

activity, SDS-PAGE and immunoblotting (Blackberg & Hernell, 1981). 

dc-SiGn-Fc binding eLiSa. The DC-SIGN-Fc chimera contained the extracellular portion 

of DC-SIGN (amino acids 64 to 404) fused at the C-terminus to a human immunoglobulin 

(Ig) G1 Fc fragment which has been previously described (Geijtenbeek et al., 2002). Human 

milk or BSSL were diluted in 0.2 M NaHCO
3
, coated on ELISA plates (maxisorb plate; Nunc, 

Amsterdam, The Netherlands) and incubated overnight at 4°C or 2 hours at 37ºC. This was 

followed by blocking with TSM (20 mM Tris, 150 mM NaCl, 1 mM CaCl
2
, 2 mM MgCl

2
) containing 

1% BSA for 30 min at 37°C before addition of soluble DC-SIGN-Fc (5 µg/ml) for 2 hours at RT, 

the binding was determined by incubation of a peroxidase labeled anti-IgG1 antibody for 30 

min at RT. DC-SIGN-Fc binding specificity was determined by pre-incubation of the DC-SIGN-

Fc with either 50 µg/ml DC-SIGN specific mouse antibody AZN-D1 (Geijtenbeek et al., 2000c) 

or 10 mM EGTA (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 20 min before addition 

of the DC-SIGN-Fc to the coated human milk. Due to inter-assay variation large differences 

can be observed in the OD values but each independent experiment is performed with the 

relevant controls to demonstrate binding specificity.  

dc-SiGn mediated HiV-1 transfer assay. The assay was performed as previously 

described (Naarding et al., 2005). The Raji and Raji-DC-SIGN cells were plated at a 

concentration of 2 x 104 cells/well in a 96 well format. Dilutions of human milk or BSSL 

were made in PBS containing 10% FCS and spiked with 3.7log TCID
50

/ml
 
of the appropriate 

virus before addition to the Raji-DC-SIGN cells. As controls PBS containing 10% FCS was 

spiked with the same TCID
50

/ml
 
of virus before addition to Raji or Raji-DC-SIGN cells. After 

a two hour incubation the culture was washed with PBS before addition of CD4+ enriched 

T-lymphocytes at a concentration of 1 x 105 cells/well. CA-p24 values were determined 

on day 7 using a standard ELISA protocol (Moore et al., 1990). In short 96 wells plates 

were coated with a sheep anti-p24 specific antibody (Biochrom ag, Berlin, Germany), 

after which the culture supernatant was added. As a conjugate a mouse anti-HIV-1-p24 
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alkaline phosphatase conjugate antibody (Aalto bio Reagens ltd., Dublin Ireland) was 

used. Development was performed by Lumi-phos plus (Lumigen inc., Southfield, Mi, 

USA) according to the manufactures instructions and measured on the Lumistar Galaxy 

(BMG labtechnologies GmbH, Offenburg, Germany). CA-p24 levels were determined by a 

standard curve present on each plate (e-coli expressed recombinant HIV-1-p24, (Aalto bio 

Reagens ltd., Dublin, Ireland).

gp120 bead adhesion assay. Beads were prepared as previously described (Geijtenbeek 

et al., 2000c), in short, streptavidin was covalently coupled to Carboxylate-modified 

TransFluoSpheres (488/645 nm, 1.0 mm; Molecular Probes). The steptavidin-beads were 

incubated with biotinylated F(ab’)
2
 fragment goat-anti-human IgG (6 mg/ml; Jackson 

Immunoresearch, West Grove, PA) and subsequently incubated overnight with gp120-Fc 

chimera. Fifty thousand cells, Raji-DC-SIGN cells were pre-incubated with human milk or 

fraction thereof, 20 mg/ml AZN-D1 (DC-SIGN specific mouse antibody) (Geijtenbeek et 

al., 2000c), 5 mM EGTA (Sigma-Aldrich, Zwijndrecht, The Netherlands) or 5 mM mannan 

(Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at RT. The ligand-coated beads 

(20 beads/cell) were added to the pre-incubated cells and incubated for 30 min at 37ºC 

after which the cells were washed with TSM containing 0.5% BSA. After washing, the cells 

were resuspended in 100 ml TSM-BSA buffer and the adhesion was measured by flow 

cytometry (BD Biosciences).    

Western blots and coomassie staining. The concentration of the human milk samples 

was standardized to 30 mg/ml and separated on 8% SDS-PAGE gels (BioRad, Veenendaal, 

The Netherlands). The gel was transferred to polyvinylene diflouride membranes 

(Millipore, Amsterdam, The Netherlands), and stained with a mouse anti-human LeX Ab, 

C3D-1 (Santa Cruz) (0.2 mg/ml) and a mix of two different goat anti mouse IgG antibodies 

(Biorad, Veenendaal, The Netherlands, 0.07 mg/ml and Biosource, Breda, The Netherlands, 

1/10,000) or the membrane was stained with DC-SIGN-Fc (600 mg/ml) and a goat anti 

human IgG (Jackson Immunoresearch, West Grove, PA). Visualization was performed using 

enhanced chemiluminescence (Amersham Biosciences, Inc., Diegem, Belgium). For the 

Coomassie staining 60 mg of each human milk sample was loaded on an 8% SDS-PAGE. The 

gel was stained with 50% methanol, 2% acetic acid and 0.25% Coomassie after which the 

gel was destained with 30% methanol and 2% acetic acid, the gel was stored in water with 

1% acetic acid at 4°C for further analyzes. 

MaLdi protein identification. The protein bands of interest were cut from the gel after 

staining. For mass spectrometry analysis the gel slices were S-alkylated with iodoacetamide 

and vacuum dried using a speedvac. The in-gel digestion with trypsin (Roche Molecular 

Biochemicals, Almere, The Netherlands, sequencing grade) and extraction of the peptides 

after the overnight incubation were done according to Shevchenko et al. (Shevchenko 

et al., 1996). The collected eluates were dried overnight in a speedvac. The peptides 
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were redissolved in 6 ml of a solution containing 1% formic acid and 60% acetonitrile. 

The peptide solutions were mixed 1:1 (v/v) with a solution containing 52 mM a-cyano-4-

hydroxycinnamic acid (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) in 49% 

ethanol / 49% acetonitril / 2% TFA and 1 mM Ammoniumacetate. Prior to dissolving, 

the a-cyano-4-hydroxycinnamic acid was washed briefly with acetone. The mixture was 

spotted on a target plate and allowed to dry at room temperature. Reflectron MALDI-TOF 

spectra were acquired on a M@LDI (Micromass Wythenshawe, UK). The resulting peptide 

spectra were used to search with MassLynx ProteinProbe (Micromass Wythenshawe, UK) 

in a Fasta database or the sequence databases of the Mascot search engine (http://www.

matrixscience.com).

Statistics. All statistical comparisons were performed using ANOVA. P < 0.01, P < 0.02 and 

P < 0.05 were considered statistically significant. 
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a b S t r a c t

Dendritic cells bind an array of antigens and DC-SIGN has been postulated to act as a 

receptor for mucosal pathogen transmission. We have previously described that bile-

salt stimulated lipase (BSSL) from human breast milk potently binds DC-SIGN and blocks 

DC-SIGN mediated trans-infection of CD4+ T-lymphocytes with HIV-1. Here we describe that 

DC-SIGN binding properties are highly variable for milks derived from different mothers 

and between mothers from different geographical regions. We found that differences 

in DC-SIGN binding are correlated with a genetic polymorphism in BSSL which is related 

to the number of 11 amino acid repeats at the C-terminus of the protein. The observed 

variation in DC-SIGN binding properties among milk samples may have implications for 

the risk of mucosal transmission of pathogens during breastfeeding.  
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i n t r o d u c t i o n

Human breast milk contains a large array of pathogens, antigens and host factors that 

interact with esophageal and gut mucosa of the breastfed infant (Newburg, 2009; 

Brandtzaeg, 2010). There is accumulating evidence that breast milk protects the newborn 

against infections as indicated by the decreased morbidity and mortality due to diarrhea 

among children that receive breastfeeding (Newburg, 2009; Nduati et al., 2000). 

Furthermore, only 4-12% of human immunodeficiency virus type-1 (HIV-1) positive mothers 

transmit HIV-1 to their child during breastfeeding in spite of frequent exposure of the child 

to HIV-1 positive breast milk for up to several years (Coovadia & Kindra, 2008). If we would 

have a better understanding of how human breast milk influences mucosal infections, we 

would be able to develop therapeutics aimed at prevention. 

The anti-microbial activity of human breast milk is, at least in part, the result of 

secretory antibodies and prebiotic factors. Glycans in breast milk have been associated 

with protection against transmission of specific mucosal pathogens (Newburg, 2009; 

Ruvoen-Clouet et al., 2006). Furthermore, blood group antigen genes involved in post 

translational protein modification and resulting in differentiated glycan fingerprints have 

been linked to pathogen driven selection in humans (Fumagalli et al., 2009). This stresses 

the relevance of glycans in the continuous competition with rapidly evolving pathogens 

where one glycan type may protect against certain pathogens whilst enhance infection 

with other pathogens. Although innate immune molecules present in breast milk can 

contribute to protection against infection, additional immune responses need to be 

activated in the child for further effector and memory purposes. Antigen presenting cells 

such as dendritic cells (DCs) that capture invading pathogens through pathogen coat 

sugars regulate such processes. 

Pathogen receptor DC-specific intercellular adhesion molecule-3 grabbing non 

integrin (DC-SIGN) is highly expressed in mucosal tissues by DCs present in the sub-

mucosa. DC-SIGN binds a wide range of pathogens such as HIV-1, Helicobacter pylori and 

Candida albicans (Geijtenbeek et al., 2000; Appelmelk et al., 2003; Cambi et al., 2003; 

de Jong et al., 2008). Such interaction between pathogen and DC-SIGN expressing cells 

could occur at damaged epithelia. Normally, invading pathogens captured by DC-SIGN 

are degraded and the processed antigens are subsequently presented to the appropriate 

T-cells. Although the capture and presentation of invading pathogens is essential for 

inducing adaptive immune responses, some pathogens escape from full degradation and 

in fact hijack this system to enhance infection (Geijtenbeek et al., 2000; de Witte L. et al., 

2006). The biological relevance of DC-SIGN in transmission of HIV-1 and Mycobacterium 

tuberculosis is supported by linkages between DC-SIGN polymorphisms and risk of 

infection (Liu et al., 2004; Barreiro et al., 2006). We previously reported that bile-salt 

stimulated lipase (BSSL) from human breast milk strongly binds to DC-SIGN and interferes 

with DC-SIGN mediated viral transmission in vitro (Naarding et al., 2005; Naarding et al., 
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2006). Interestingly, BSSL has also been associated with protection against Norwalk virus 

infection, which is a major cause of gastroenteritis (Ruvoen-Clouet et al., 2006; Lindesmith 

et al., 2003). These studies indicated two possible anti-microbial mechanisms for BSSL, 

either through binding to DC-SIGN (HIV-1) (Naarding et al., 2006) or binding to the virus 

particle (Norwalk virus)(Ruvoen-Clouet et al., 2006).

BSSL is a lipase that is expressed in human blood and breast milk which aids breastfed 

infants with the digestion of milk triglycerides (Li & Hui, 1997; Blackberg & Hernell, 1981). 

The glycoprotein contains a mucin-like repeated 11 amino acid motif at the C-terminal 

tail that is abundantly modified by O-linked glycosylation. The repeated motif, encoded 

by exon 11 of the gene, protects the glycoprotein from proteolysis but does not play a 

role in the enzymatic activity of the lipase (Lindquist et al., 2002; Hernell & Blackberg, 

1994). Furthermore, the O-glycosylated repeated motif expresses Lewis a and Lewis x 

sugars known to interact with DC-SIGN (Wang et al., 1995; Guo et al., 2004). We previously 

described that BSSL binds to DC-SIGN via Lewis x sugars. Furthermore we suggested that 

variation in BSSL protein size among mothers may relate to variation in DC-SIGN blocking 

capacities (Naarding et al., 2006). 

The aim of this study was to characterize the DC-SIGN binding properties of breast 

milk derived from healthy breastfeeding mothers. Furthermore, we compared BSSL size 

variations with DC-SIGN binding capacity of breast milks. Our results reveal that the 

DC-SIGN binding capacity of breast milk is highly variable among mothers as well as among 

groups of mothers from differing geographical regions. We were able to correlate allelic 

polymorphisms in the BSSL gene with the DC-SIGN binding phenotype of breast milk. The 

observed variation in DC-SIGN binding properties of different milks may have implications 

for the risk of mucosal pathogen transmission during breastfeeding.

r e S u L t S

bSSL protein size is linked to dc-SiGn binding capacity of the corresponding human 

breast milk. We have previously identified BSSL from human milk as a strong DC-SIGN 

binding glycoprotein with variably sized BSSL isoforms differing in their capacity to bind 

DC-SIGN (Naarding et al., 2006). We hypothesized that the DC-SIGN binding capacity of 

BSSL and human breast milk is correlated with the BSSL protein size. To test this hypothesis, 

we determined the BSSL protein size and DC-SIGN binding capacity of human breast 

milk for 17 mothers from the Netherlands. BSSL average protein size was estimated for 

breast milk separated by SDS-PAGE (Figure 1A). The DC-SIGN binding capacity of milk was 

detected by Western blot (Figure 1B) and quantified for all milk samples by ELISA (Figure 1C).  

DC-SIGN binding capacity was highly variable (Figure 1B+C), independent of BSSL protein 

levels in the milks (Figure 1A). We calculated the relative DC-SIGN binding capacity with 

the strongest DC-SIGN binding milk arbitrarily set to 100%. We then compared BSSL 

protein sizes of weak DC-SIGN binding milk (<20%) to strong DC-SIGN binding milk (>20%). 
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Figure 1C shows that the BSSL protein size was significantly smaller (p=0.020) in the strong 

DC-SIGN binding group than in the weak DC-SIGN binding group. 

dc-SiGn binding capacity of human breast milk is highly variant within and between 

different cohorts. After identifying variation in DC-SIGN binding capacity of breast milk 

derived from a group of mothers from the Netherlands, we investigated the level of 

variation within and between different cohorts. We therefore tested DC-SIGN binding of 

human breast milk derived from the Netherlands (n=78), Sweden (n=21), Norway (n=146) 

and Egypt (n=24) using ELISA in triplicate. Figure 2A shows the DC-SIGN binding of all 

breast milk samples with the milk having the strongest DC-SIGN binding set to 100%. These 

results show that DC-SIGN affinity of human breast milk is highly variable among mothers. 

We confirmed the variation in DC-SIGN binding properties in all four cohorts (Figure 2B). 

In addition, significant differences were apparent between the cohorts. The breast milk 

Figure 1: dc-SiGn binding is highly variable and correlates with bSSL protein size. (A) Example of SDS-PAGE 
separation of breast milk from 7 mothers showing the bile-salt stimulated lipase (BSSL) of variable sizes. (B) 
Western blot stained with DC-SIGN of the same 7 milks as depicted in Figure A. (C) Breast milks with smaller 
BSSL protein have stronger DC-SIGN binding capacity than breast milks with larger BSSL protein. Molecular 
weights (MW) of BSSL protein was compared in milks with strong DC-SIGN binding capacity versus milks with 
weak DC-SIGN binding capacity. Median protein sizes in the weak and in the strong DC-SIGN binding groups are 
indicated by a horizontal line.

Figure 2: dc-SiGn affinity of breast milk is highly variable between mothers within cohorts and between 
different cohorts. (A) DC-SIGN binding capacity (y-axis) of milk derived from different mothers (x-axis) is highly 
variable. DC-SIGN affinity for milks from all cohorts was measured in triplicate in a DC-SIGN binding ELISA. Data 
are shown as mean values of triplicates + standard error of the means (error bars). (B) DC-SIGN binding capacity 
is variable between different cohorts. Median DC-SIGN affinity is indicatedby a horizontal line for each cohort. 
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samples from Sweden bound significantly stronger to DC-SIGN than the milks from the 

other cohorts (Figure 2B). Breast milk samples from the Netherlands had a marginally 

stronger (p=0.061) DC-SIGN binding than the tested samples in the Norwegian cohort.  

the size of bSSL exon 11 is highly polymorphic. BSSL protein size variation may be 

related to variation in the variable number of tandem repeats (VNTR) domain encoded 

by BSSL exon 11. BSSL binds to DC-SIGN through Lewis type sugars present in this VNTR 

domain that is located at the C-terminus of the protein (Naarding et al., 2006; Wang 

et al., 1995). We established a PCR to determine the exact size of the VNTR domain  

(Figure 3A). The domain is highly variable in the number of repeats in the populations 

Figure 3: bSSL exon 11 is highly polymorphic in number of repeats. (A) Typical agarose gel analysis of BSSL 
exon 11 PCR genotyping including 3 marker lanes and 7 genotyped DNA samples. (B) Allelic variation in number of 
repeats is highly variable in all tested cohorts. (C) BSSL genotype distribution is highly variable in all cohorts with 
most mothers having at least 1 allele with 16 repeats. 

a b

c



3 

B
SSL P

O
LY

M
O

R
PH

ISM
 A

SSO
C

IA
T

E
S W

IT
H

 B
IN

D
IN

G
 V

A
R

IA
T

IO
N

49

we tested, with repeat numbers ranging from 12 to 18 and alleles with 16 repeats being 

most common (Figure 3B). The allele frequency distribution in the Egyptian cohort differs 

significantly from the Caucasian cohorts (p<0.001). Additionally, the allele frequency 

distribution in the Norwegian mothers differs significantly from that in Dutch mothers 

(p<0.001) and marginally (p=0.074) from the Swedish mothers. When looking at the 

genotype distribution in Figure 3C we observed that 79% of all mothers (82% in Caucasian 

cohorts) had at least 1 allele with 16 repeats.

dc-SiGn binding capacity correlates to bSSL genotype. Differences in BSSL protein 

size are linked to the DC-SIGN binding properties of milk (Figure 1C). In addition, we 

hypothesized that variation in DC-SIGN binding may be caused by size differences in the 

VNTR domain of the BSSL gene. To test this possibility we compared VNTR domain sizes 

with DC-SIGN binding potency of the corresponding milks. We arbitrarily defined 12 to 15 

repeats as low (L) and 16 to 18 repeats as high (H) repeat number. Mothers have either two 

low (LL), one allele with low and one with high (LH) or two alleles with high repeat numbers 

(HH). The BSSL repeat number has a significant (p=0.018) effect on the DC-SIGN binding 

capacity for all cohorts (Figure 4). In the Caucasian cohorts we found that mothers with 

the LH genotype had significantly stronger DC-SIGN binding milk (p=0.016) than mothers 

with the HH genotype. These LH mothers also had marginally significant stronger DC-SIGN 

binding milk (p=0.064) than mothers with the LL genotype. 

The LL genotype reaches low frequencies, as the majority of individuals carry at least 

1 allele with 16 repeats (Figure 3C). We selected the large group of mothers with at least 

one 16 repeat allele and tested the effect of size variation in the second allele on DC-SIGN 

binding. We split the mothers into two groups: a group combining the 16 repeat allele with 

an L allele (16+L) and a group combining the 16 repeat allele with another H allele (16+H). 

Figure 4: dc-SiGn binding 
capacity correlates to bSSL 
genotype. Alleles are defined 
as L (12 to 15 repeats) or H (16-18 
repeats). The BSSL genotype 
is plotted against DC-SIGN 
affinity for mothers from the 
Netherlands, Sweden, Norway 
and Egypt. Median DC-SIGN 
binding within cohorts is 
indicated by a horizontal line.
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The results (Figure 5) revealed that mothers with the 16+L genotype have significantly 

stronger DC-SIGN binding milk than mothers with the 16+H genotype (p=0.009 for all 

cohorts; p=0.016 for Caucasians). When split into exact number of repeats, we found that 

particularly genotypes 13/16 and 15/16 tended to translate into higher affinity for DC-SIGN 

although this difference was not statistically significant (Figure 6). 

d i S c u S S i o n

In this study we demonstrate that the DC-SIGN binding capacity of human breast milk from 

different mothers is highly variable. We confirmed this finding in 4 independent cohorts 

and report that geographical variation exists in the DC-SIGN binding capacity. BSSL genes 

have either a high number of repeats (H=16 to 18) or a low number of repeats (L=12 to 15) 

in the VNTR domain. We observed that the combination of an L allele with an H allele (LH) 

correlates with strong DC-SIGN binding of breast milk. In addition, for mothers with at 

least one BSSL allele of 16 repeats we report that strong DC-SIGN binding is correlated with 

a small repeat number (16+L) in the second allele. 

The observed variation in DC-SIGN binding capacity may in theory be related to 

diverse factors such as the BSSL expression level or polymorphisms in the BSSL gene. 

Analysis of DC-SIGN binding variation in breast milk samples with similar BSSL expression 

levels demonstrates that factors other than BSSL protein expression levels determine 

the DC-SIGN binding efficiency. Although we showed that BSSL polymorphisms are 

correlated with DC-SIGN binding we do not exclude that in case of breast milk samples 

with significantly deviating BSSL expression levels DC-SIGN binding can be influenced. We 

previously reported that BSSL is the major DC-SIGN binding component in human breast 

milk, but mucin 1 - mainly present in milk lipid vesicles - also binds to DC-SIGN (Saeland 

et al., 2009). However, we measured DC-SIGN binding of the aqueous phase of breast 

Figure 5: Mothers with the 
16+L genotype have stronger 
dc-SiGn binding milks. BSSL 
genotype plotted against 
DC-SIGN affinity of milk for 
all tested cohorts. Median 
DC-SIGN binding within cohorts 
is indicated by a horizontal line.
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milk, which contains the BSSL glycoprotein and excludes the lipids (Saeland et al., 2009; 

Naarding et al., 2006). We therefore believe that BSSL and not mucin 1 is the main source 

of the DC-SIGN binding we measured. 

DC-SIGN forms tetramers with four binding pockets that have higher affinity for 

glycoproteins such as HIV gp120 than monomeric DC-SIGN (Bernhard et al., 2004). It 

therefore seems likely that glycoproteins carrying multiple DC-SIGN interacting sugars will 

have a higher affinity for DC-SIGN than glycoproteins with less of such glycans. Since BSSL 

is polymorphic in the number of potential O-glycosylation sites due to variation in the 

VNTR domain this might translate into increased affinity of long BSSL forms for DC-SIGN. 

In contrast, we initially found that breast milks with small BSSL proteins have a stronger 

DC-SIGN binding capacity than breast milk with large BSSL proteins. But our genotyping 

studies showed that the LH genotype is associated with stronger DC-SIGN binding than 

the LL and the HH genotype. This suggests that the combination of a low with a high 

repeat molecule provides the combination with optimal DC-SIGN binding properties. 

Therefore the number of glycans could play a role, but additionally other factors likely 

influence the DC-SIGN binding properties of BSSL such as the three dimensional structure 

of the protein. BSSL proteins form dimers between either two equally or differently sized 

BSSL proteins (McKillop et al., 1998). We propose that the quaternary structure of the BSSL 

dimer complex plays an additional role in determining the DC-SIGN binding properties by 

influencing the way BSSL sugars are presented to DC-SIGN. The combination of a high and 

low repeat BSSL protein is possibly presenting the best combination of a high number of 

DC-SIGN interacting glycans with an optimal three dimensional structure for binding to 

DC-SIGN. 

Not all O-linked BSSL glycans carry DC-SIGN binding Lewis sugars (Wang et al., 1995) 

and the number of Lewis sugars per BSSL molecule may be influenced by variable activity of 

glycosidases (Nishihara et al., 1994; Lindesmith et al., 2003). The activity of such enzymes 

Figure 6: Mothers the with 
16+L genotype have stronger 
dc-SiGn binding milks, but no 
individual genotypes could be 
specifically linked to dc-SiGn 
binding capacity. BSSL exon 
11 repeat number is plotted 
against DC-SIGN affinity of milk 
for mothers with at least one 
16 repeat BSSL allele. Median 
DC-SIGN binding within cohorts 
is indicated by a horizontal line.
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may add an additional level of complexity to the observed link between BSSL genotypes 

and DC-SIGN binding capacity of breast milk. This may explain the different behavior of 

LL genotyped breast milks with regard to DC-SIGN affinity in the Norwegian population 

versus Dutch population. However, care should be taken because of the relatively low 

number of LL genotyped mothers (n=9) in the Dutch cohort and the high level of variation 

in DC-SIGN binding observed in this group. Cloning and expression of recombinant BSSL 

forms in cell lines should aid in further clarifying observed differences in DC-SIGN binding 

between BSSL proteins with variably sized repeat motifs.

Pathogen binding to DC-SIGN results in uptake by DCs and subsequent antigen 

presentation to T-cells but this mechanism appears to have been hijacked by some 

pathogens to promote their transmission (Geijtenbeek et al., 2000; de Witte L. et al., 

2006). In addition to antigen presentation, pathogen binding by DC-SIGN triggers signal 

transduction resulting in modulation of DC immune activation status. DC-SIGN binding of 

Lewis type or high mannose glycans results into two separate routes of signaling depending 

on the glycan bound (Gringhuis et al., 2009). Human milk, semen and cervicovaginal 

secretions contain factors that interfere with the interaction between DC-SIGN and the 

pathogen in vitro (Naarding et al., 2005; Stax et al., 2009; Jendrysik et al., 2005). We 

therefore suggest that the DC-SIGN blocking activity of human secretions such as milk 

may, at least in part, explain why the risk of HIV-1 transmission via breastfeeding or sex is 

relatively low. Furthermore, the interaction between breast milk and DC-SIGN may influence 

the immune activation levels of DCs and other immune cells during breastfeeding. We 

observed a high level of variation in the DC-SIGN blocking properties of breast milk from 

different mothers. For the child this variation could result in differential immune activation 

levels and differences in the risk of infection, depending on the breastfeeding mother.

Although blocking the interaction between pathogen and DC-SIGN may be beneficial 

against DC-SIGN mediated transmission, receptor availability may still be necessary for 

inducing effective adaptive immune responses against other pathogens.  Such conflicting 

roles for DC-SIGN may explain why the observed variation in DC-SIGN binding properties 

of human breast milk may be beneficial at the population level. Exposure to pathogens may 

result in selective pressures in the direction of either strong or weak DC-SIGN blocking 

depending on the type of circulating pathogens dominating a specific population.  We 

therefore speculate that the observed geographical variation in DC-SIGN binding may be 

a result of local selective pressures exerted over an evolutionary timescale. Furthermore, 

we suggest that variation in DC-SIGN blocking properties of mucosal secretions might 

be a general theme in natural protection against rapidly evolving mucosal pathogens. As 

part of innate immunity, the identified BSSL size variation may represent one of multiple 

strategies for a population to have variable levels of protection against mucosal pathogens. 

Our study may help develop BSSL derived therapeutic molecules for mucosal application 

against pathogenic infections for individuals with low natural protection levels. 
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M a t e r i a L S  a n d  M e t H o d S

Processing of human breast milk. Human breast milk was collected from 245 healthy 

Caucasian mothers from The Netherlands, Sweden and Norway and 24 healthy Egyptian 

mothers. All sample collections were in accordance with internal ethics review boards. 

The milk was centrifuged twice at 530 x g for 30 min at 4 °C to remove lipid and cells. The 

cells were reconstituted in L6 lysis buffer and the DNA was purified as previously described 

(Boom et al., 1990).

bSSL protein size estimation. Processed human breast milk was separated using 8% SDS-

PAGE gels (Bio-Rad, Veenendaal, The Netherlands). Gels were stained with Coomassie 

stain and the average BSSL protein size was estimated. Relative protein size values were 

calculated with the mother with the smallest protein size set to 100%. 

dc-SiGn binding eLiSa. ELISA plates were coated with human milk 100 fold diluted in 

0.2 M NaHCO
3
 buffer. Plates were blocked with 5% BSA and subsequently incubated with 

a recombinant human DC-SIGN-Fc chimera (R&D systems) in TSM buffer (20 mM TRIS, 

150 mM NaCl, 1 mM CaCl
2
 and 2 mM MgCl

2
) containing 5% BSA as previously described 

(Stax et al., 2009; Naarding et al., 2006). Peroxidase labeled anti human Ig-Fc antibodies 

(Jackson Immunology) were used to quantify the bound DC-SIGN-Fc. Non specific binding 

of DC-SIGN-Fc was determined for each individual sample by pre-incubating the calcium 

dependent DC-SIGN-Fc for 20 min with 20mM EGTA (Sigma-Aldrich).

Genotyping Pcr. Lidberg and colleagues previously identified the carboxyl ester lipase-

like gene (CELL, genbank accession number M94580) with high homology to the BSSL 

gene (Lidberg et al., 1992). CELL contains a VNTR domain resembling the exon 11 VNTR 

domain of BSSL although Lidberg and colleagues reported the CELL VNTR to contain 7 

repeats less than BSSL. Interference of CELL during the PCR amplification of BSSL was 

prevented by designing primers that indisputably only amplify BSSL exon 11 and not the CELL 

VNTR. Primers (forward primer: ACCAACTTCCTGCGCTACTGGACCCTC, reverse primer: 

TGATACCAAGGCTCATGGGACGCTAAAAC) contained a FAM label for detection. After initial 

denaturation for 4' at 94° C the following program was run for 35 cycles: 30'' 94° C, 3' 60° C, 1' 

72° C followed by an extended elongation for 7’ at 72° C. The PCR product was mixed with the 

Genescan™ – 1200 LIZ® Standard (Applied Biosystems; catalog#: 4379950) and the ABI 3100 

capillary sequencer (Applied Biosystems) in Genescan mode was used for PCR product size 

determination. Data was analyzed using Genemapper software (Applied Biosystems).

Statistical analysis. BSSL protein sizes are presented as individual observations and 

average values of triplicate DC-SIGN binding capacity measurements were plotted. 

Median values were indicated in the figures. BSSL protein size of the weak and strong 

DC-SIGN binding capacity groups was compared using a Mann-Whitney test. Differences 

in DC-SIGN binding capacity between cohorts were analyzed using the Kruskal-Wallis test, 

with subsequent pairwise Mann-Whitney tests in case of an overall significant difference. 
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Allele frequencies were compared between the cohorts using a Fisher-Exact test. The 

effect of the genotype on DC-SIGN binding capacity was analyzed using a non-parametric 

ANOVA (rank transformed values), with adjustment for cohort and the cohort*genotype 

interaction. All analyses were carried out using SPSS (release 17, SPSS Inc.) and p-value < 

0.05 were considered statistically significant.
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a b S t r a c t

objective: BSSL (bile-salt stimulated lipase) binds to DC-SIGN and CXCR4 and in vitro 

DC-SIGN binding properties of BSSL are associated with a polymorphism in the repeated 

motif in exon 11 of the BSSL gene. This study investigates the relation between identified 

BSSL polymorphisms and HIV-1 infection and disease course. 

design: Relation between BSSL polymorphism and HIV-1 transmission and disease course 

was studied in a cohort of men having sex with men including 334 seropositive and 48 

high risk seronegative individuals participating in the Amsterdam Cohort Studies on HIV 

infection and AIDS.

Methods: We used PCR to determine the number of repeats encoded by BSSL exon 11 

for the men included in our cohort. Pearson Chi-square test was used to determine the 

relation of BSSL genotype distributions between selected groups. The relation between 

BSSL genotype and disease progression and the emergence of CXCR4-using variants 

was studied using Kaplan Meier and multivariate Cox proportional hazard analysis. We 

analyzed the association of BSSL genotype with CD4 cell count, both pre-infection and 

post-infection at viral setpoint. In addition, we evaluated a possible association of the BSSL 

genotype with the setpoint viral load.

results: We found a correlation between the homozygosity for the high (H) repeat 

number BSSL genotype (HH) and high CD4 cell numbers prior to infection (p=0.007). In 

HIV-1 patients, slow disease progression was linked to the HH BSSL genotype (p=0.049, 

RH=0.737) as was the delayed emergence of CXCR4-using HIV-1 variants (p=0.007, 

RH=0.515). The BSSL genotype that was most prevalent in patients with slow disease 

progression (HH) was also dominant in high risk seronegative individuals. 

conclusion: Our research identifies BSSL as a marker for HIV-1 disease progression and 

CD4 cell homeostasis. 
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i n t r o d u c t i o n

Millions have been infected worldwide with human immunodeficiency virus type-1 

(HIV-1) but major differences exist between individuals in infection risk and rate of 

disease progression. These differences can be attributed in part to polymorphisms in 

host genes encoding HIV-1 co-receptors such as CCR5 and CCR2 and their ligands (Paxton 

& Kang, 1998; Smith et al., 1997; Winkler et al., 1998; Liu et al., 1999; Berger et al., 1999). In 

addition, carrying human leukocyte antigen (HLA) variants B27 or B57 is associated with 

slower HIV-1 disease progression probably through HIV-1 specific CD8+ T-lymphocyte 

responses (Gao et al., 2005). Knowledge of host genetic polymorphisms that affect 

HIV-1 pathogenesis has helped with the successful development of antiretroviral 

drugs and ways to modulate beneficial immune responses. Due to therapy failure and 

incomplete virus suppression, there is a need for identification of novel drug targets for 

the treatment of HIV-1 infection. 

Among cell types targeted by HIV-1 are dendritic cells (DCs), which play a central role 

in the protection against infections and the activation of anti-microbial immune responses 

(Haase, 2005). DCs capture micro-organisms aimed at degrading these pathogens and 

present their antigens to resting T-lymphocytes thereby activating adaptive immunity. 

Interaction between HIV-1 and DCs in all likelihood will occur at sites where mucosa is 

breached when individuals are exposed to HIV-1. DCs efficiently capture HIV-1 but captured 

HIV-1 partly escapes from degradation and fully infectious virus particles are subsequently 

presented to CD4+ T-lymphocytes, thereby efficiently infecting these target cells (trans-

infection) (Geijtenbeek et al., 2000). 

DC-specific intercellular adhesion molecule-3 grabbing non integrin (DC-SIGN) is 

the major HIV-1 binding receptor expressed by immature DCs used for trans-infection. 

DC-SIGN forms tetramers that bind terminal fucoses and high mannose structures of 

“self” antigens and pathogen glycans and recognizes a wide range of micro-organisms 

(van Liempt et al., 2004; van Liempt et al., 2006; van Kooyk & Geijtenbeek, 2003; Guo et 

al., 2004). HIV-1 binds to DC-SIGN and uses the pathogen receptor for trans-infection 

but, in addition, DC-SIGN binding of HIV-1 results in modulation of DC immune signaling 

(Gringhuis et al., 2009). DC-SIGN is also required for the formation of the infectious 

synapse between DC and T-lymphocyte during trans-infection of CD4+ T-lymphocytes 

with HIV-1 and DC-SIGN binding of neutralized virus can result in removal of neutralizing 

antibodies (Arrighi et al., 2004; van Montfort et al., 2007). Human DC-SIGN gene 

polymorphisms associate with the efficiency of HIV-1 transmission and the rate of disease 

progression and decreased DC-SIGN expression in Rhesus Macaques is associated with 

accelerated disease progression (Liu et al., 2004; Koizumi et al., 2007; Yearley et al., 

2008). Whether DC-SIGN ultimately limits or accelerates human disease progression 

remains unclear, but obviously factors that competitively bind with HIV-1 to DC-SIGN 

will influence its function.
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Among molecules that bind to DC-SIGN are mucin 6 in seminal plasma and bile-salt 

stimulated lipase (BSSL, BSDL, CEL) as well as mucin 1 identified in human milk (Stax et al., 

2009; Naarding et al., 2006; Saeland et al., 2009; Naarding et al., 2005). BSSL is a dimeric 

glycoprotein that is abundantly expressed in milk but, in addition, is also expressed in blood 

(Panicot-Dubois et al., 2007; McKillop et al., 1998). The presence of DC-SIGN blocking 

molecules in semen and breast milk may, at least in part, influence HIV-1 transmission. 

This could help explain the relatively low risk of HIV-1 infection during sex or breastfeeding 

(O’Brien et al., 1994; Varghese et al., 2002; Shapiro et al., 2009; Jin et al., 2010). We previously 

identified that breast milks derived from different mothers do not have equal DC-SIGN 

binding properties suggesting mother-dependent protection levels for HIV-1 transmission 

during breastfeeding (Naarding et al., 2006). In addition to DC-SIGN binding, BSSL from 

blood can bind to chemokine receptor CXCR4 (Panicot-Dubois et al., 2007; Aubert-Jousset 

et al., 2004) suggesting a potential supplementary role for BSSL in HIV-1 pathogenesis.

Previous studies in our lab demonstrated that the DC-SIGN binding capacity of milk 

is associated with variation in the BSSL repeat domain (chapter 3). Aim of the present 

investigation is to determine the relation between variation in the BSSL genotype (repeat 

domain) and HIV-1 infection and disease progression for men having sex with men 

(MSM) participating in the Amsterdam Cohort Studies on HIV infection and AIDS (ACS). 

Our research demonstrates that both slow HIV-1 disease progression and emergence of 

delayed CXCR4-using HIV-1 variants are correlated with homozygosity for the high (H) 

repeat number BSSL genotype (HH). The BSSL genotype that is dominant in patients 

with slow disease progression (HH) corresponds to the main genotype observed in high 

risk seronegative individuals. In addition, our study reveals that the BSSL HH genotype 

correlates with high CD4 cell numbers prior to infection. Our research provides new 

insights in the role of BSSL in HIV-1 pathogenesis with the potential for BSSL as a new target 

for anti-HIV-1 drug development. 

r e S u L t S

Highly exposed seronegative individuals and slow progressing seropositives have 

comparable bSSL genotype distributions. We genotyped the variable number of tandem 

repeat (VNTR) domain of the BSSL gene in a cohort of 334 HIV-1 seropositive men and 48 

seronegative men with high risk behavior (high risk seronegatives, HRSN). We found that 

the number of repeats in this domain is highly variable ranging from 10 to 18 in seropositive 

individuals (Figure 2A+B). Furthermore we observed that 82% within this group carry at 

least one allele with 16 repeats, similar to the situation in previously genotyped HIV-1 

negative mothers in a study on BSSL in human milk (chapter 3). BSSL repeat numbers in 

HRSN range from 5-17 with 85% having at least one allele with 16 repeats (Figure 2). As 

compared to seropositives, a trend was observed with HRSN having more frequently two 

alleles with 16 repeats (p=0.059).
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We hypothesized that specific BSSL genotypes might provide a certain level of 

protection against HIV-1 infection. To test this we categorized individuals in this study 

based on number of repeats in the BSSL genotype. We defined 16 to 18 repeats as high 

(H) and less than 16 repeats as low (L) repeat numbers. Individuals were categorized in 3 

groups having either two low (LL), one low and one high (LH) or two high repeat number 

alleles (HH). HH is the major genotype whereas the LL genotype reaches relatively low 

numbers in both HRSN and seropositives. HRSN and seropositive individuals were not 

statistically different for the HH genotype (Figure 1, p=0.190). 

Disease progression was defined as the time between HIV-1 infection and diagnosis of 

AIDS or when CD4 counts dropped below 200 cells/µl. Within the group of 334 seropositive 

individuals we arbitrarily defined the 50 patients with fastest disease progression as fast 

progressors and 50 patients with the slowest disease progression as slow progressors 

(Table 1). Figure 1 demonstrates that HRSN men and seropositive men with slow disease 

progression have similar BSSL genotype distributions. The BSSL genotype distribution in 

HRSN individuals is significantly different from HIV-1 patients with fast disease progression 

(Figure 1, p=0.028), with a higher frequency of the HH genotype in these HRSN individuals.

bSSL number of repeats correlates with HiV-1 disease progression. We compared 

the number of repeats in the VNTR domain of BSSL for fast progressors to that of slow 

progressors (Figure 2C+D). The distribution of genotypes is significantly different between 

the fast and slow progressors (p=0.036). Since the LL genotype reaches relatively low 

frequencies (Figures 1) we compared the major (HH) genotype with the combined LL with 

LH genotype (LL+LH) for Kaplan Meier survival - and Cox regression analysis. We observed 

a trend towards delayed disease progression in patients with the HH genotype (Figure 

3A, Table 2, log rank p=0.056). Subsequent multivariate Cox proportional hazard analysis 

including survival markers CCR5-∆32, HLA-B57 and HIV-1 viral load below 104.5 copies per 

ml plasma and CD4 levels above 500 cells per µl blood at viral setpoint demonstrated that 

the HH genotype is independently associated with slower disease progression (Table 2, 

p=0.049, RH=0.737). The effect of the HH genotype on disease progression appeared 

Figure 1: bSSL genotype distribution in high 
risk seronegative (HrSn) individuals and HiV-1 
positive individuals. Within the group of HIV-1 
positives, 50 individuals with fastest (mean time 
to AIDS or CD4 cell count <200 cells/µl=2.18±0.2 
year) and 50 with slowest (mean time to AIDS 
or CD4 cell count <200 cells/µl=13.94±0.7 year) 
disease progression were compared. HH genotype 
is significantly more prevalent in slow progressors 
when compared to fast progressors (p=0.015). 
BSSL genotype distribution in HRSN is similar to 
genotype distribution in 50 slowest progressors 
but significantly different compared to genotype 
distribution in 50 fastest progressors (p=0.028)
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non-proportional and was observed from 6 years after seroconversion onwards. When 

Kaplan Meier and Cox proportional hazard analysis was performed after left-truncation 

of the first 6 years post-seroconversion, a strong association between the HH genotype 

and delayed disease progression was observed (p=0.007, RH=0.518, Table 3). Multivariate 

analysis demonstrated that the predictive value of the HH BSSL genotype for prolonged 

survival in this analysis was independent of the CCR5-∆32 genotype (Table 3). 

table 1: characteristics of HiV-1 positive groups including slow progressors, fast progressors and whole group.

age at 
seroconversion Sex ethnicity time to aidS cd4 setpoint

Viral load 
setpoint

Mean 
(year)

range 
(year) Male Female caucasian

non-
caucasian

Mean 
(year)

range 
(year)

Mean 
(cells/µl) Sd*

Mean (LoG 
HiV rna) Sd*

Fast 
progressors

36.8 22.9-53.6 50 0 49 1 2.2 0.5-3.2 413 264 4.5 0.9

Slow 
progressors

32.4 21.8-43.1 50 0 50 0 13.9 11.8-23.2 692 287 3.6 0.7

all 
seropositives

34.9 19.6-55.6 334 0 315 19 7.0 0.5-23.2 554 263 4.2 0.8

*SD: standard deviation

Figure 2: allele frequency (z-axis) of bSSL repeat numbers for both alleles (x-axis and y-axis). The number 
of repeats in the BSSL gene is highly variable with most patients having at least 1 allele with 16 repeats. Genotype 
distribution in (A) seropositive individuals, (B) high risk seronegatives (HRSN), (C) 50 patients with fastest disease 
progression and (D) 50 patients with slowest disease progression.

a b

c d
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emergence of cXcr4-using variants is associated with the number of repeats in bSSL. 

DC-SIGN differentially enhances in-trans infection with CCR5 (R5) and CXCR4 using (X4) 

HIV-1 and BSSL interacts with CXCR4 (van Montfort et al., 2008; Panicot-Dubois et al., 

2007). We hypothesized that size variation in the BSSL VNTR domain could influence the 

time to CXCR4-using variant emergence during disease progression. CXCR4-using viruses 

emerge significantly later in patients with the HH than in the other patients (log rank 

p=0.042, Figure 3B). Again the effect of the HH BSSL genotype was non-proportional and 

a protective effect was observed from 5 years after seroconversion onwards. Emergence 

of CXCR4-using variants was also studied using multivariate Cox proportional hazard 

analysis including other markers associated with disease progression and potentially 

the emergence of CXCR4-using variants (HLA-B57, viral load – and CD4 counts at viral 

setpoint). This analysis confirmed that the HH genotype associates independently with 

delayed emergence of CXCR4-using variants (p=0.007, RH=0.515, Table 4).

table 2: Multivariate cox proportional hazard analysis from 2 years after seroconversion to 
aidS or cd4 cell counts below 200 cells per µl blood for patients with the HH genotype when 
compared to the patients with non-HH genotypes (LL+LH). Patients with the HH genotype show 
a strong trend towards delayed disease progression (log rank p=0.056).

crude adjusted

comparison number1 event2 p-value rH3 p-value rH3 

BSSL HH vs LL+LH 304 185 0.092 0.776 0.049 0.737

CCR5-∆32 genotype vs WT4 303 184 <0.001 0.405 <0.001 0.428

CD4 cells >500 cells per µl 296 182 <0.001 0.477 0.002 0.615

Viral RNA load <104.5 copies per ml 298 180 <0.001 0.370 <0.001 0.440

HLA-B57 304 185 0.003 0.288 0.039 0.418

1number of individuals included in the analysis
2number of individuals that reach the end point
3relative hazard 
4wild type CCR5 genotype

Figure 3: kaplan Meier 
analysis of patients 
with HH and non-HH 
(LL+LH) genotypes. 
(A) Using AIDS or CD4 
cells below 200 cells/
µl as an endpoint or (B) 
using first detection 
of CXCR4-using HIV-1 
variants as an endpoint.

a b
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bSSL genotype is associated with cd4 cell numbers in uninfected individuals. 

We studied the relation between BSSL genotype and CD4 cell decline during disease 

progression, and the viral load and CD4 cell count at viral setpoint, but did not find 

significant differences between patients with different BSSL genotypes (data not shown). 

However, when evaluating the CD4 cell numbers prior to infection, we found that the HH 

genotype is associated with elevated levels of CD4 cells (p=0.007, Figure 4).

table 3: cox proportional hazard analysis from 6 years after seroconversion to aidS or cd4 
cell counts below 200 cells per µl blood for patients with the HH genotype when compared 
to the patients with non-HH genotypes (LL+LH). HH genotype is associated to slower disease 
progression (log rank p=0.005).

crude adjusted

number1 event2 p-value rH3 p-value rH3 

BSSL HH vs LL+LH 169 77 0.007 0.518 0.004 0.497

CCR5-∆32 genotype vs WT4 168 76 0.007 0.436 0.005 0.425

CD4 cells >500 cells per µl 163 75 NS5

Viral RNA load <104.5 copies per ml 167 76 NS5

HLA-B57 169 77 NS5

1number of individuals included in the analysis
2number of individuals that reach the end point
3relative hazard
4wild type genotype 
5Not significant

table 4: Multivariate cox proportional hazard analysis from 2 years after seroconversion to 
emergence of cXcr4-using variant for patients with the HH genotype when compared to 
patients with non-HH genotypes (LL+LH). HH genotype is associated with delayed emergence of 
CXCR4 using HIV-1 variants (log rank p=0.042).

crude adjusted

number1 event2 p-value rH3 p-value rH3

BSSL HH vs LL+LH 261 81 0.013 0.549 0.007 0.515

Viral RNA load <104.5 copies per ml 258 81 0.022 0.587 0.043 0.615

HLA-B57 261 81 0.030 0.211 0.068 0.267

CD4 cell >500 per µl 257 80 0.036 0.625 0.236 0.762

CCR5-∆32 genotype vs WT4 260 81 NS5

1number of individuals included in the analysis
2number of individuals that reach the end point
3relative hazard 
4wild type genotype 
5Not significant
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d i S c u S S i o n

In this study we demonstrate that the rate of HIV-1 disease progression is associated with 

BSSL polymorphisms in a cohort of MSM. BSSL genes have either a high (H=16 to 18) or a 

low (L<16) number of repeats in their variable number of tandem repeat (VNTR) domain. 

Individuals can be categorized into having two low (LL), one low and one high (LH) or 

two high (HH) repeat number BSSL alleles. Our study reveals that uninfected individuals 

with the HH genotype have elevated CD4 cell numbers compared to individuals carrying 

the other genotypes. Once infected with HIV-1, MSM with the HH genotype progress 

to disease more slowly and show delayed development of CXCR4-using HIV-1 variants. 

The BSSL genotype distribution in slow progressors and HRSN is similar and significantly 

different from rapid progressors. 

Since differences in DC-SIGN binding properties of human breast milk link to differently 

sized BSSL forms (chapters 2 and 3), we hypothesized that BSSL expressed in blood behaves 

in a similar fashion. We demonstrate here that variation in the number of repeats encoded 

by the BSSL gene is indeed linked to disease progression in HIV-1 infected MSM. This could 

be the result of differences in DC-SIGN binding by differently sized BSSL forms. The HH 

genotype is associated with decreased DC-SIGN binding capacity of human milk (chapter 

3) and in the present study we found that this low DC-SIGN binding genotype associates 

with slower disease progression. This could imply that higher DC-SIGN availability for HIV-1 

capture limits disease progression in HIV-1 infected individuals similar to the situation with 

high DC-SIGN expression in Rhesus macacques. But care should be taken when translating 

the DC-SIGN binding properties of BSSL from milk into those of BSSL in blood since post-

translational modifications such as glycosylation, essential for DC-SIGN binding, may differ 

significantly. 

In addition to an effect of the BSSL genotype on disease progression, we observed a 

delay in the emergence of CXCR4-using HIV-1 variants is associated with the HH genotype. 

Both disease progression and emergence of CXCR4-using variants are delayed in patients 

with the HH genotype, although this might in part reflect the relation between the 

emergence of CXCR4-using variants and disease progression. Much of the damage related 

to HIV-1 infection including rapid depletion of CD4 cell numbers in the gut occurs early in 

Figure 4: bSSL genotypes are associated with cd4 
cell numbers pre-seroconversion. CD4 cell numbers 
prior to seroconversion were compared between 
individuals with HH and non-HH (LH+LL) genotype. 
Median values are indicated with a horizontal line
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infection whereas clinical manifestation can be detected years later. This may explain why 

differences in CD4 cell numbers between carriers of different BSSL genotypes already exist 

prior to seroconversion while the effects of these genotypes on the emergence of CXCR4-

using variants and disease course are only observed 6 years after infection. Furthermore, 

if BSSL indeed interacts with CXCR4 resulting in differential emergence of CXCR4-using 

variants it is most likely that the effects appear later in disease. 

DC-SIGN differentially enhances trans -infection with R5 and CXCR4-using virus and the 

formation of infectious synapses between DCs and T-lymphocytes and subsequent T-cell 

stimulation (van Montfort et al., 2008; Arrighi et al., 2004). Furthermore, CXCR4 not only 

acts as co-receptor for CXCR4-using HIV-1 infection but is also involved in the regulation of 

T-cell migration, proliferation and differentiation (Berger et al., 1999; Moser & Loetscher, 

2001; Wu & Yoder, 2009). BSSL interacts with both DC-SIGN and CXCR4 although not via 

the same structural domain (Naarding et al., 2006; Panicot-Dubois et al., 2007). Differences 

in BSSL genotypes in all likelihood translate into BSSL proteins with different DC-SIGN or 

CXCR4 binding properties and related modulation of DC-SIGN and CXCR4 roles in disease 

progression and CXCR4-using variant emergence. However, more research is needed to 

identify whether disease progression and emergence of CXCR4-using variants are similarly 

influenced by these interactions. In addition, differences in the interaction between BSSL 

and CXCR4 in individuals with different BSSL genotypes might potentially influence CD4 

cell homeostasis. 

The interaction between BSSL and CXCR4 was proposed to be mediated through the V3 

like domain of BSSL which is not located in the VNTR region (Aubert-Jousset et al., 2004). 

This suggests that the potential influence of BSSL size variation on the interaction between 

BSSL and CXCR4 could be indirect, for example by influencing the accessibility of the V3 

like domain to CXCR4. In addition, there may also be structural constraints that influence 

plasma concentrations of the different BSSL forms. In vitro studies with differently sized 

BSSL proteins should provide a better insight in the role of the VNTR in the interaction 

between BSSL and CXCR4. 

The BSSL genotype distribution in HRSN was similar to that of the slow progressors with 

a relative abundance of the HH genotype. In contrast, the HH genotype was significantly 

more abundant in the HRSN group when compared to seropositive men with fast disease 

progression. We suggest that the HH genotype provides partial protection against 

infection possibly related to heightened peripheral blood CD4 cell numbers in carriers of 

this genotype. 

Taken together, we have identified BSSL as a marker for HIV-1 disease progression, 

emergence of CXCR4-using viruses and CD4 cell count in blood of uninfected individuals. 

Further investigation should be aimed at characterizing the effects of differently sized 

BSSL proteins on the interaction between DC-SIGN and serum derived BSSL. In addition, 

the binding between BSSL and CXCR4 should be further characterized including the 

effect of such binding on infection with CXCR4-using variants, CXCR4 signaling and CD4+ 
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T-lymphocyte proliferation and migration. These studies may ultimately increase our 

understanding of the role of BSSL in HIV-1 pathogenesis. 

M a t e r i a L  a n d  M e t H o d S

Study participants. Study participants were 335 HIV-1 seropositive men and 48 men with 

high risk behavior but not infected with HIV-1 participating in the Amsterdam cohort 

studies on HIV infection and AIDS as previously described (van Manen et al., 2008). PCR 

failed with one of the HIV-1 positive individuals and this sample was therefore excluded 

from further analysis. Kaplan Meier and Cox regression analysis was terminated when the 

minor genotype LL reached n=10. Since the introduction of HAART in the Netherlands 

in 1996 will likely influence disease course and emergence of CXCR4-using variants in 

infected individuals the censor data were set at 1-1-1996 thereby excluding post-HAART 

era data points. The ACS has been conducted in accordance with the ethical principles 

set out in the declaration of Helsinki and written informed consent is obtained prior to 

data collection. The study was approved by the Amsterdam Medical Center institutional 

medical ethics committee.

determination of disease progression. The rate of disease progression was defined as 

the time between seroconversion and AIDS diagnosis or the time point CD4 cell number 

fell below 200 cells/µl according to the 1993 CDC definition.

Viral load and cd4 cell count. Viral load and CD4 cell counts from individuals in the 

study population were described previously (van Manen et al., 2009). A value for CD4 cell 

count pre seroconversion was determined only when three or more points were available. 

CD4 cell count pre seroconversion was defined by the mean value of all the available 

measurements when HIV-1 negative. 

Genotyping Pcr. Primers specific for BSSL were designed (forward primer: ACC AAC TTC 

CTG CGC TAC TGG ACC CTC, reverse primer: TGA TAC CAA GGC TCA TGG GAC GCT AAA AC) 

containing a FAM label for detection. After initial denaturation for 4' at 94° C the following 

PCR program was run for 35 cycles: 30'' 94° C, 3' 60° C, 1’ 72° C followed by an extended 

elongation for 7’ at 72° C. The PCR product was mixed with the Genescan™ – 1200 LIZ® 

Standard (Applied Biosystems; catalog#: 4379950) and the ABI 3100 capillary sequencer 

(Applied Biosystems) in Genescan mode was used for PCR product size determination. 

Data was analyzed using Genemapper software (Applied Biosystems).

Statistics. Kaplan Meier and multivariate Cox proportional hazard analysis were performed 

to study the relation between BSSL genotype and disease progression and the emergence 

of CXCR4-using variants. Pearson Chi-square exact test was used to study the relation of 

BSSL genotype distributions between selected groups. The effect of the genotype on CD4 

cell count pre seroconversion, CD4 setpoint and viral load setpoint was analyzed using 
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a non-parametric ANOVA (rank transformed values). All Kaplan Meier, Cox proportional 

hazard analyses and Pearson Chi-square exact tests were carried out using SPSS (release 15, 

SPSS Inc.) and all ANOVA analyses using Graphpad Prism software version 5.  P-value < 0.05 

was considered statistically significant.
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a b S t r a c t

Many viruses transmitted via the genital or oral mucosa have the potential to interact with 

dendritic cell-specific intercellular adhesion molecul-3 grabbing non integrin (DC-SIGN) 

expressed on immature dendritic cells (iDCs) that lie below the mucosal surface. These 

cells have been postulated to capture and disseminate human immunodeficiency virus 

type-1 (HIV-1) to CD4+ lymphocytes, potentially though breaches in the mucosal lining. 

We have previously described that BSSL (bile salt stimulated lipase) in human milk can 

bind DC-SIGN and block transfer. Here we demonstrate that seminal plasma has similar 

DC-SIGN blocking properties as BSSL in human milk. Using comparative SDS-PAGE and 

Western blotting combined with mass spectrometry we identified mucin 6 as the DC-SIGN 

binding component in seminal plasma. Additionally, we demonstrate that purified mucin 

6 binds DC-SIGN and successfully inhibits viral transfer. Mucin 6 in seminal plasma may 

therefore interfere with the sexual transmission of HIV-1 and other DC-SIGN co-opting 

viruses. 
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i n t r o d u c t i o n

Millions of newly diagnosed infections with human immunodeficiency virus-1 (HIV-1) 

occur yearly, which could be prevented if a good vaccine or microbicides were available. 

Approximately 80% of new infections with HIV-1 are established through sexual intercourse 

(Shattock & Moore, 2003). However risk of transmission is relatively low with an estimated 

high number of sexual exposures required for transmission to occur. Estimates for per-

sexual contact infectivity range from 1:200 for receptive anal intercourse to 1:2000 for 

receptive vaginal intercourse (O’Brien et al., 1994; Varghese et al., 2002; Leynaert et al., 

1998). Bodily fluids such as semen and cervical vaginal lavage will undoubtedly contribute 

to the cellular environment at the exposed mucosa during sexual intercourse. It is therefore 

important to identify possible bodily fluid components affecting initial interactions of HIV-1 

with potential target cells. Such substances, in addition to known factors, including virus 

load (Butler et al., 2008), will likely contribute to host dependent risk of HIV-1 transmission.

During sexual transmission of HIV-1 the virus first has to cross the mucosal epithelial 

layer of the recipient to gain access to susceptible cells. Cell types that have been postulated 

to act as primary targets for transmitted HIV-1 are CD4+ T-lymphocytes, Langerhans cells 

(LCs) and dendritic cells (DCs) (Haase, 2005; de Witte et al., 2007). These cell types all can 

be infected with HIV-1 but, in addition, DCs have been shown, in vitro, to transfer HIV-1 to 

CD4+ T-lymphocytes (Geijtenbeek et al., 2000a) without the necessity of infection. DCs are 

antigen presenting cells that express several C-type lectins which are binding receptors 

for HIV-1. The major C-type lectin on DCs that has been shown to interact with HIV-1 is 

DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3 grabbing non integrin). 

DC-SIGN binds to carbohydrates containing oligo mannose and Lewis sugars with terminal 

fucoses of both “self” and glycans of pathogens (van Liempt et al., 2004; van Liempt et 

al., 2006; Guo et al., 2004; van Kooyk & Geijtenbeek, 2003). It recognizes a wide range of 

pathogens such as Helicobacter Pylori, Schistosoma mansoni, Mycobacterium tuberculosis 

and many viruses (e.g. HIV-1, hepatitis C virus, herpes simplex virus) (Geijtenbeek et al., 

2000b; Geijtenbeek & van Kooyk, 2003; Poumbourios & Drummer, 2007; de Jong et al., 

2008; Jameson et al., 2002; Soilleux et al., 2002; Rappocciolo et al., 2006). 

DC-SIGN is used by antigen presenting cells to capture pathogens or pathogen 

antigens which are subsequently processed and presented to T-lymphocytes. Several 

pathogens transmitted via genital or oral mucosa interact with DC-SIGN expressed 

on immature dendritic cells at the mucosa (Halary et al., 2002; de Jong et al., 2008; 

Poumbourios & Drummer, 2007). Although capture of pathogens by antigen presenting 

cells via DC-SIGN is necessary for antigen presentation, it can also be used by pathogens 

to enhance host infection. Specifically, immature dendritic cells have been postulated to 

capture and disseminate HIV-1 via DC-SIGN following exposure. This would then, probably, 

be occurring at damaged epithelia, where the cell types expressing DC-SIGN come into 

contact with HIV-1 and its carrier fluid (Geijtenbeek et al., 2000a). The higher incidence 
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of HIV-1 transmissions in the context of secondary infections that result in a damaged 

mucosal epithelium supports the hypothesis that lesions in the epithelia provide access 

for HIV-1 (Celentano et al., 1996; Corbett et al., 2002; Kaul et al., 2008; Kaul et al., 2000).  

A number of bodily secretions including human milk, seminal plasma (SP) and cervical 

vaginal lavage (CVL) contain components influencing the interaction of HIV-1 with CD4+ 

T-lymphocytes and DCs (Naarding et al., 2005; Naarding et al., 2006; Jendrysik et al., 

2005; Sabatte et al., 2007; Munch et al., 2007). We have previously shown that bile salt-

stimulated lipase (BSSL) in human milk is able to bind to DC-SIGN and block subsequent 

HIV-1 transfer to CD4+ T-lymphocytes via DCs (Naarding et al., 2006). We hypothesized 

that seminal plasma (SP) contains one or more components that have DC blocking 

properties similar to BSSL from human milk. In this study we show that SP, indeed, has 

DC blocking properties and we show that the DC-SIGN binding factor in SP is over 460 

kDa. Using different analyses, including mass spectrometry, we identified mucin 6 as the 

DC-SIGN binding component in SP. Additionally we tested SPs from different donors and 

demonstrated that the level of DC-SIGN blocking shows significant differences between 

SPs from different donors. 

r e S u L t S

dialyzed seminal plasma is not cytotoxic to raji dc-SiGn cells. We initially tested the 

effect of seminal plasma (SP) on transfer of HIV-1 to CD4+
 
T-cells by Raji DC-SIGN cells. 

In this experiment we observed a high percentage (>90%) of cell death in cell cultures 

treated with SP. We hypothesized that the cytotoxicity of SP is caused by its basic pH and 

that the cytotoxicity could be alleviated by dialysis against PBS. To test this hypothesis, 

we cultured Raji-DC-SIGN cells in the presence of different dilutions of SP or dialyzed SP 

(DSP). In Figure 1 we show a decrease in viability for cells cultured with 32X diluted SP. 

More concentrated solutions of SP induced substantial cell death with over 80% dead cells. 

These results are in line with previous observations (O’Connor et al., 1995). In contrast to 

SP, DSP was not cytotoxic for the cells at the tested dilutions. No cytotoxicity of DSP was 

observed either with immature monocyte derived dendritic cells (IMDDC) or CD4+ T-cells. 

Figure 1.  Dialyzed seminal plasma is not cytotoxic. Raji 
DC-SIGN cells were incubated for 2 hours with several 
dilutions of seminal plasma (SP) or dialyzed seminal 
plasma (DSP). The cells were then washed with PBS and 
cultured for 2 days in RPMI. Cell viability was determined 
at day 2. Cells cultured in 32 fold or less diluted SP 
showed increased cell death. DSP showed no decrease 
in viability. 
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Therefore we have used DSP in our assays in order to exclude interference of cytotoxicity 

of SP during our analyses.

Seminal plasma contains dc-SiGn binding factors and blocks dc-SiGn mediated 

transfer of HiV-1. We tested whether DSP was able to bind DC-SIGN and block DC-SIGN 

mediated transfer of HIV-1 to CD4+ T-lymphocytes. DC-SIGN binding was tested in a 

DC-SIGN binding ELISA. As DC-SIGN specific binding is strictly dependent on Ca2+ ions, 

incubations in the presence of Calcium chelators can serve as negative controls. Figure 2A 

shows that DC-SIGN-Fc pre-incubated with TSM only, bound significantly (P<0.0001) 

Figure 2.  DSP strongly binds 
DC-SIGN and blocks DC-SIGN 
mediated transfer of HIV-1 
to CD4+ T-lymphocytes. (A) 
DC-SIGN affinity of DSP (donor 
1) was tested in a DC-SIGN 
ELISA. The binding signal 
(measured at 450 nm) for DC-
SIGN-Fc pre-incubated with 
TSM was significantly stronger 
than the binding signal with 
EGTA inactivated DC-SIGN-Fc 
(negative control). (B) The HIV-1 
transfer blocking properties 
of DSP (donor 1) were tested 
with Raji DC-SIGN cells pre-
incubated with RPMI (control 
(Ctrl)) or different dilutions of 
DSP. Transfer was blocked for 
80% with 10000 fold diluted DSP. 
(C) Additionally, the DC-SIGN 
blocking properties of DSP 
(donor 1) were tested in a co-
culture of Raji or Raji DC-SIGN 
cells with CD4+ T-lymphocytes in 
the presence of HIV-1 mixed with 
RPMI or different concentrations 
of DSP. Both an R5 (NSI-18) and 
an X4 virus (LAI) were tested. (D 
and E) The blocking properties 
of DSP for HIV-1 transfer to CD4+ 
T-lymphocytes via IMDDCs was 
tested with IMDDCs incubated 
with RPMI (control (Ctrl)), 1000 
fold diluted DSP (donor 10) or 
DC-SIGN blocking antibody 
AZN-D1. Blocking properties 
were tested for both a CCR5 
(NSI-18, D) and a CXCR4 (LAI, E) 
using virus. Data from all figures 
are shown as mean values of 
triplicates ± standard error of the 
means (error bars).

a b

c

d e
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stronger to DSP than the EGTA inactivated DC-SIGN-Fc (negative control), indicating that 

the DC-SIGN binding of DSP was specific.  

To test the effect of DSP on DC-SIGN mediated transfer of HIV-1 to CD4+ T-lymphocytes, 

we used Raji DC-SIGN cells pre-incubated without (control) or with different dilutions of 

DSP. Our results (Figure 2B) demonstrate that DSP could fully block the transfer of HIV-1 

to CD4+ T-lymphocytes by Raji DC-SIGN cells. Up to 10000 fold diluted DSP was still able 

to block viral transfer by 80%. These results are in line with the findings of Sabatté et. 

al. who described similar blocking properties for non dialyzed seminal plasma (Sabatte 

et al., 2007). In addition to testing the effect of DSP on transfer of HIV-1 by Raji and Raji 

DC-SIGN cells, we also tested the effect of DSP in a co-culture of Raji or Raji DC-SIGN cells 

with CD4+ T-lymphocytes, HIV-1 and DSP. This system could be a better reflection of the in 

vivo situation with target cells exposed to semen and HIV-1 at the same time. Our results 

show that DSP also blocks the transfer of HIV-1 under these conditions. Next, we tested 

the ability of DSP to block transfer of HIV-1 to CD4+ T-lymphocytes via IMDDC. We show 

that 1000 fold diluted DSP indeed was able to block transfer of both NSI-18 (85% blocking, 

Figure 2D) and LAI (68% blocking, Figure 2E) virus to CD4+ T-lymphocytes by IMDDC. In a 

co-culture of IMDDC with CD4+ T-lymphocytes, HIV-1 and DSP we also observed significant 

inhibition of infection (p<0.05) by DSP (Figure S2). 

dc-SiGn binding and dc blocking properties of dSP derived from different donors 

vary. We showed that DSP binds DC-SIGN and blocks both Raji DC-SIGN and IMDDC 

mediated transfer of HIV-1 to CD4+ T-lymphocytes. We next tested the DC-SIGN binding 

capacity and the ability to block HIV-1 transfer to CD4+ T-lymphocytes by IMDDCs of DSPs 

derived from different donors. We compared DC-SIGN binding of DSP derived from eight 

different donors in a DC-SIGN binding ELISA as well as individual DSP blocking capacity in 

a HIV-1 transfer assay. The results of the DC-SIGN binding ELISA demonstrate that DSPs 

derived from different donors varied significantly (p<0.05) in levels of DC-SIGN binding 

(Figure 3A, left panel). We also determined that the total protein concentration of the 

DSP samples (Figure 3B) did not correlate with DC-SIGN affinity. To test the HIV-1 transfer 

blocking capacities of the same DSPs, we incubated IMDDCs with culture medium (negative 

control), DC-SIGN blocking antibody AZN-D1 (positive control) or 1000 fold diluted DSPs 

derived from each individual. DSPs from the different donors showed variable blocking 

capacities of IMDDC mediated transfer of both NSI-18 and LAI isolates (Fig 3B). Significant 

differences in blocking capacity were found between donors 2 and 5 and between donors 

5 and 8 for both viruses. Additionally, significant differences were found between donors 4 

and 7, 5 and 7 and 5 and 9 for NSI-18 and for donors 2 and 4, 2 and 6, 2 and 7, 4 and 8, 5 and 

10, 6 and 8 and 7 and 8 for LAI (p<0.05). These results are in agreement with the variation in 

DC-SIGN binding in these donors observed in the DC-SIGN binding ELISA. 
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identification of dc-SiGn blocking 

component(s). After observing that DSP 

blocks DC-SIGN mediated transfer of 

HIV-1 to CD4+ T-lymphocytes, we aimed to 

identify the component or components 

in DSP that provide the DC-SIGN 

blocking properties. The first step was 

to determine the size range in which the 

DC-SIGN blocking component(s) are 

present. Therefore we separated DSP 

into fractions containing components 

with a molecular weight lower than 30 

kDa, molecular weight between 30 and 

100 kDa and a fraction with components 

larger than 100 kDa. DC-SIGN affinity was 

measured in the DC-SIGN binding ELISA 

and non-fractionated DSP was used as 

an input control for the fractionation. 

Figure 4 shows the DC-SIGN binding 

of fractionated and non fractionated 

DSP corrected for non specific binding 

(negative control). The DC-SIGN binding 

capacity of the fraction with components 

larger than 100 kDa had a binding capacity 

similar to that of non-fractionated DSP. In 

contrast, the fraction with components 

between 30 kDa and 100 kDa, and the 

fraction with components smaller than 

30 kDa had no significant DC-SIGN 

affinity. These results demonstrate that 

the component or components in DSP 

binding to DC-SIGN are larger than 100 

kDa. 

The DC-SIGN binding component 

was identified by separating DSP using 

denaturing SDS-PAGE and analyzing the 

protein positive for DC-SIGN staining 

(Western blot) with MALDI-TOF. DSPs 

from donors 1, 2 and 3 were separated 

using SDS-PAGE and blotted on a PVDF 

Figure 3.  DC-SIGN binding and DC blocking 
properties of DSP derived from different donors 
vary. (A) DC-SIGN binding of DSP was tested in a 
DC-SIGN ELISA with 1000 fold diluted DSP. Relative 
DC-SIGN-Fc binding signal was corrected for non 
specific binding (negative control). The DC-SIGN 
binding capacity of the strongest binder (donor 8, *) 
was set at a 100%. Non specific DC-SIGN binding was 
determined for each donor separately. The panel 
on the right (white bars) shows the relative protein 
concentrations of the non diluted tested DSPs. The 
protein concentration of donor 8 (*) with strongest 
DC-SIGN binding capacity was set at a 100%. (B 
and C) Transmission of HIV-1 by IMDDCs to CD4+ 
T-lymphocytes was determined with FACS. IMDDCs 
were pre-incubated with RPMI (positive control), 
AZN-D1 (negative control) or 1000 fold diluted DSP 
from different donors. Results are shown for (B) 
NSI-18 and (C) LAI isolates.

a

b

c
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membrane. The PVDF membrane was stained with DC-SIGN-Fc and the SDS-PAGE gel with 

a Colloidal Coomassie stain (Figure 5). The DC-SIGN staining showed a single strong signal 

for a component larger than 460 kDa (Figure 5). The protein in the Coomassie stained gel 

corresponding to the DC-SIGN signal on the PVDF membrane was extracted from gel and 

subsequently analyzed using MALDI-TOF. Additionally, protein bands negative for DC-SIGN 

binding were extracted and analyzed (negative controls). The DC-SIGN binding protein 

band was selected for peptide mass fingerprint analysis. The acquired peptide spectrum 

from the digested SDS-PAGE band was searched against non-redundant sequence 

databases (MSDB and SwissProt) using the online MASCOT search engine without search 

restrictions. In both cases the top score represented Human Mucin 6. MSDB: Q6W4X9_

HUMAN MOWSE Score: 117 with 26 matching peptides. SwissProt: Muc6_Human MOWSE 

Score: 99 with 29 matching peptides. There were no other significant hits (neither directly, 

Figure 4.  The size of the DC-SIGN binding 
component(s) of DSP is larger than 100 kDa. DSP 
was fractionated into fractions with a molecular 
weight smaller than 30 kDa, 30-100 kDa and 
larger than 100 kDa. The fractions were tested 
for DC-SIGN binding. Non fractionated DSP 
was included as a positive control. DC-SIGN-Fc 
binding signal (measured at 450 nm) corrected 
for non specific binding (negative control) is 
shown. Non specific DC-SIGN-Fc binding was 
determined for each sample separately.

Figure 5.  The DC-SIGN binding component in 
DSP was determined using SDS-PAGE and Western 
blot. DSP was separated with a SDS-PAGE gel 
and blotted on PVDF membrane. The SDS-PAGE 
gel (left) was stained with Colloidal Coomassie 
and the Western blot (right) was stained with 
DC-SIGN-Fc and IRdye800 conjugated anti-
human-Fc antibodies. The protein band from the 
SDS-PAGE that corresponds to the DC-SIGN-Fc 
signal on the Western blot was excised from gel 
and analyzed using MALDI-TOF.
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nor when searching the databases with remaining unmatched peptides). The extracted 

DC-SIGN negative bands contained human semenogellin 1 and amino peptidase N (human 

intestinal CD13).

After identifying the DC-SIGN blocking component in DSP as mucin 6, we aimed to 

test the DC-SIGN blocking properties of mucin 6 from DSP in a transfer assay. For this we 

fractionated DSP using a superose 6 10/300 GL column with an FPLC. Elution of protein from 

the fractionated DSP was monitored by measuring the optical density at 280 nm (upper, 

boxed graph in Figure 6). The collected fractions were tested for DC-SIGN binding in a 

DC-SIGN ELISA (Figure 6, bar graph below) and fractions 2, 5, 8, 14, and 38 were digested 

with trypsin and analyzed with LC/MS/MS. The vast majority of DC-SIGN binding activity 

was found in fractions containing proteins with molecular weight higher than 700 kDa, 

which corresponds to the observed molecular weight of DC-SIGN binding activity found 

on gel. The strong DC-SIGN binding fractions 2, 5 and 8 were shown to contain mucin 6, 

confirming our previous identification of mucin 6 as the DC-SIGN binding protein in the 

SDS-PAGE gel. Although the main component in fraction 14, with intermediate DC-SIGN 

affinity, was identified as clusterin, mucin 6 derived peptides were also detected in this 

fraction. A non-DC-SIGN binding fraction (number 38) contained serum albumin as well as 

clusterin peptides, demonstrating that clusterin is not the DC-SIGN binding component. 

Additionally, in fraction 38 no mucin 6 derived peptides were found. In conclusion, all 

fractions having DC-SIGN binding activity contained mucin 6 peptides. Fractions without 

Figure 6.  DSP was size fractionated and DC-SIGN binding of the fractions was tested. DSP was fractionated using 
a superose 6 10/300 GL column with an FPLC (elution of protein was monitored by measuring the optical density 
at 260 nm (upper right graph). The DC-SIGN affinity was determined for each collected fraction. DC-SIGN-Fc 
binding signal (measured at 450 nm) corrected for non specific binding (negative control) is shown (barred 
graph below). Non specific DC-SIGN-Fc binding was determined for each fraction separately. The majority of the 
DC-SIGN binding was found in the fractions containing molecular weights higher than 700 kDa corresponding 
to the observation of DC-SIGN binding on Western blot (upper left). Fractions 2, 5, 8, 14 and 38 (indicated with 
asterisk) were digested with trypsin and analyzed with LC/MS/MS. 
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binding affinity did not contain any mucin 6 derived peptides. These results further confirm 

our initial identification of mucin 6, from the SDS-PAGE gel extracted DC-SIGN binding 

protein (Figure 5), as the DC-SIGN blocking component in seminal plasma.

The capacity of mucin 6 to block DC-SIGN mediated transfer of HIV-1 to CD4+ 

T-lymphocytes was tested with fractions derived from the superose purification of DSP. 

We incubated Raji and Raji DC-SIGN cells with fraction 5, containing mucin 6, or fraction 38, 

without mucin 6. Raji and Raji DC-SIGN cells incubated with non-fractionated DSP or RPMI 

were included as controls. Figure 7 shows that fraction 5, containing mucin 6, was able to 

fully block transfer of HIV-1 by Raji DC-SIGN cells while fraction 38 without mucin 6 did not 

inhibit the transfer. In addition to identifying the glycoprotein responsible for the DC-SIGN 

blocking properties of DSP, we characterized which sugars are providing mucin 6 with its 

DC-SIGN binding capacity. DC-SIGN is known to bind to carbohydrates containing oligo 

mannose or Lewis sugars with terminal fucose. We therefore used a1-2,3,6-mannosidase 

and a1-3,4-fucosidase to deglycosylate SP. The DC-SIGN binding capacity of deglycosylated 

SP was then tested for DC-SIGN affinity in a DC-SIGN binding ELISA. Our results (Figure S1A) 

show a non significant decrease in DC-SIGN binding of mannosidase treated SP versus 

mock treated SP. Upon fucosidase treatment, however, we observed a significant (p<0.01) 

decrease of 50% in DC-SIGN binding capacity of treated SP versus mock treated SP. These 

results suggest that Lewis sugars are the main groups providing mucin 6 with its DC-SIGN 

binding capacity. We then used an ELISA assay to identify if Lewis sugars are indeed present 

in the SP sample tested. Our results show (Figure S1B) that Lewis x and Lewis y are indeed 

present in SP, confirming previous observations of Chalabi and colleagues (Chalabi et al., 

2002). Taken together, our results strongly suggest that mucin 6 is the (major) component 

in DSP that provides DSP with the capacity to block DC-SIGN mediated transfer of HIV-1 to 

CD4+ T-lymphocytes. 

Figure 7.  Mucin 6 containing fraction of DSP binds 
DC-SIGN and blocks Raji DC-SIGN mediated HIV-1 
transfer. The HIV-1 transfer blocking properties 
of fraction 5, containing mucin 6, and fraction 38, 
without mucin 6, were tested with Raji or Raji DC-SIGN 
cells incubated with RPMI (negative control (Ctrl)), 
DSP (positive control), fraction 5 or fraction 38.
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d i S c u S S i o n

In this study we demonstrate that, in vitro, a SP component strongly inhibits DC-SIGN 

mediated infection of CD4+ T-lymphocytes in-trans. Furthermore, we showed that the 

viral transfer blocking properties of DSPs derived from different donors vary significantly. 

The component in seminal plasma that binds DC-SIGN and inhibits DC-SIGN mediated in-

trans infection of CD4+ T-lymphocytes was identified as mucin 6 (MUC6, gastric mucin-6; 

mapped to chromosome 11p15.5 (Toribara et al., 1993). The basis for this identification is 

threefold: 1) the protein in the gel at the position of DC-SIGN binding was unequivocally 

identified as mucin 6 by peptide mass fingerprint analysis, 2) the bulk of the binding activity 

was in gel filtration fractions containing proteins over 700 kD with a strong correlation 

between amount of binding activity and the abundance of mucin 6 derived peptides, and 

3) mucin 6 is known to express the Lewis y sugars (Nordman et al., 2002) that can bind to 

DC-SIGN (and we showed that removal of DC-SIGN binding Lewis fucoses from SP greatly 

decreases the DC-SIGN affinity of SP).

Previously we reported that BSSL in human milk binds DC-SIGN and blocks DC-SIGN mediated 

HIV-1 transfer (28). When we observed that DSP also has DC-SIGN binding and blocking 

properties, we hypothesized that the component responsible is BSSL. However, using SDS-

PAGE and Western blotting we noticed that the major DC-SIGN binding component in DSP is 

larger than 460 kDa. This implied that the responsible factor is not BSSL, which is 100-120 kDa 

in size. Using MALDI-TOF analysis we subsequently identified mucin 6 as the major DC-SIGN 

binding component of DSP. The protein in the SDS-PAGE gel corresponding with DC-SIGN 

binding activity proved to be mucin 6 with a significant MOWSE score in our peptide mass 

fingerprint analysis while no other proteins could be identified. 

Although we are only looking at very high molecular weight proteins of over 700 kDa, it 

could still be possible that less abundant proteins with very high DC-SIGN binding activity 

co-migrate with mucin 6 in a SDS-PAGE gel. However, it is highly unlikely that a molecule 

at such low concentrations (MALDI-TOF analysis did not identify any protein other than 

mucin 6) would provide this level of strong inhibitory activity. Ultimately, expression 

of mucin 6 or depletion of the molecule from SP will confirm mucin 6 as the inhibitory 

factor. But these are complex experiments to perform given the size of the molecule, the 

extent/complexity of glycosylation required for binding to occur and the lack of materials 

available. We therefore purified mucin 6 from DSP with the aid of gel filtration and analyzed 

binding affinity and protein content (with tryptic digestion followed by LC-MS/MS) of the 

resulting fractions in tandem. Using this approach we showed that the fractions containing 

mucin 6 have strong DC-SIGN binding activity, confirming our previous identification of 

mucin 6 as the (major) DC-SIGN binding component in DSP. Additionally we showed in 

a HIV-1 transfer assay with Raji-DC-SIGN cells that the mucin 6 containing fraction is able 

to block transfer of HIV-1 via DC-SIGN. Collectively, given the evidence available we are 

convinced that the binding and inhibitory activity of SP can be contributed to mucin 6.  
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Although the DC-SIGN blocking component in DSP (mucin 6) is not identical to 

the DC-SIGN blocking component in human milk (BSSL), the two factors do share the 

properties that are likely to provide effective DC-SIGN binding: both factors are large 

glycoproteins and they have the same type of highly O-glycosylated tandem repeats 

which form the scaffold for DC-SIGN binding glycans (Landberg et al., 2000; McKillop et 

al., 2004; Wang et al., 1995; Andrianifahanana et al., 2006; Linden et al., 2008). Additionally, 

both glycoproteins express Lewis sugars that can bind to DC-SIGN (van Liempt et al., 2006; 

Guo et al., 2004; Nordman et al., 2002; van Liempt et al., 2004).

Mucin 6 is a member of the mucin family which consists of large cell membrane 

associated and secreted glycoproteins (Linden et al., 2008). These glycoproteins are 

widely expressed in most epithelia where the highly glycosylated proteins form a mucus 

layer that protects epithelial cells from the exterior environment (Linden et al., 2008) and 

proteolysis (Toribara et al., 1993; Jentoft, 1990). Several members of the mucin family have 

also been described to be present in secreted fluids such as saliva, CVL and human milk 

(Habte et al., 2007; Habte et al., 2006). 

We observed that DSPs from different donors have differences in DC-SIGN affinity 

and viral transfer blocking capacity. This observation may, in part, be explained by donor 

dependent differences in mucin 6 expression levels or differences in post translational 

modifications (Ruvoen-Clouet et al., 2006). Mucin 6 contains a large tandem repeat 

domain which is highly O-glycosylated and the size of this domain has been shown to vary 

considerably between individuals (Rousseau et al., 2004; Vinall et al., 1998). Interestingly, 

Nguyen and colleagues found that short mucin 6 alleles are associated with H pylori 

infection (Nguyen et al., 2006). It may therefore be interesting to test if the size of the 

mucin 6 alleles also affects DC-SIGN binding of the glycoprotein. 

Although our results suggest that the risk of HIV-1 transfer via DC-SIGN is greatly 

reduced in the presence of semen, transmission of seminal HIV-1 particles via DC-SIGN 

may still occur at low levels. We observed significant differences in DC-SIGN affinity (up to 

2.5 fold differences in ELISA signal intensity) between DSPs derived from the small number 

of donors that we tested. Moreover, it is not unlikely that we will find larger differences 

in DC-SIGN affinity when the number of screened donors is increased. This indicates that 

semen of some individuals will have a reduced protective effect for DC-SIGN compared to 

the semen of others. This variation in DC-SIGN affinity of seminal plasmas from different 

individuals may translate into differences between individuals in the risk of transmitting 

HIV-1 or other DC-SIGN using pathogens.  

In addition to semen and mother milk, also cervical vaginal lavage (CVL) has the 

capacity to block DC-SIGN mediated transfer of HIV-1 to CD4+ T-lymphocytes (Jendrysik 

et al., 2005). The DC-SIGN blocking component of CVL has not been identified yet but 

mucin 6 is present in CVL (Andersch-Bjorkman et al., 2007). Based on our observations 

of blocking properties of mucin 6, we hypothesize that mucin 6 is providing CVL with 

the described DC-SIGN blocking capacity. With the observation of DC-SIGN binding and 
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blocking properties of semen, mother milk and CVL, we see a general theme emerging. 

Whether mucin 6 is the blocking compound in CVL or not, in all secretions we find 

naturally occurring DC-SIGN binding molecules competing with pathogens for binding 

to antigen presenting cells (APCs). This could reflect the fact that, while binding to APCs 

via DC-SIGN can be important for subsequent antigen presentation, it can also be used 

by a pathogen to infect hosts more efficiently. This equilibrium could then be under extra 

control by the production of competing DC-SIGN binding molecules. Production of these 

DC-SIGN binding molecules may have evolved to protect individuals and their offspring 

against continuous challenge by pathogens.

Langerhans cells and dendritic cells are among the first cells to be encountered by 

HIV-1. Both cell types are preferentially infected by CCR5 using virus (Reece et al., 1998), 

the virus type known to establish initial infection. With our study we show that mucin 6 in 

SP blocks DC-SIGN mediated transfer of HIV-1 to CD4+ T-cells. This finding suggests that, 

in the presence of semen, HIV-1 capture by DC-SIGN is not likely to play an important role 

during the initial establishment of infection with HIV-1. But DC-SIGN is not required for 

infection of DCs and thus it remains possible that DCs are directly infected, leading to the 

establishment of a new infection with HIV-1. On the other hand we cannot exclude that 

DC-SIGN plays a role when semen is not present or when DC-SIGN blocking by semen is 

not 100%. Another remaining question regards the effect of semen on other C-type lectins. 

Langerhans cells express the C-type lectin langerin (de Witte et al., 2007) which is able to 

bind HIV-1. In contrast to the sequel upon DC-SIGN binding, virus captured by langerin is 

degraded (in the Birbeck granules) before it can be transmitted to CD4+ T-cells (de Witte 

et al., 2006). Langerhans cells can be productively infected when langerin is blocked and 

therefore it may be of interest to test whether SP influences infection of Langerhans cells. 

The third cell type that may serve as initial target for HIV-1 during the establishment of new 

infections is the CD4+ T-lymphocyte. Infection levels of CD4+ T-lymphocytes, in vitro, are 

low, but the infection levels dramatically increase when these CD4+ cells are cultured in 

the presence of DC-SIGN expressing cells. Additionally, Münch et. al. (Munch et al., 2007) 

have shown that semen derived amyloid fibrils enhance infection of CD4+ T-lymphocytes 

by direct CD4+ cell attachment and, indirect, via DC transfer. Though one factor in semen 

enhances infection and another interferes with DC-SIGN mediated trans-infection, we 

don’t know which effect will be dominant in vivo. What is clear is that, regardless of which 

mechanism is dominant during transmission, the low rate of HIV-1 transmissions per-sex 

act suggests that the establishment of new infections is not very efficient. 

With several antiviral properties described for mucins to date, these glycoproteins 

are components of the innate immune response (Habte et al., 2008; Habte et al., 2006; 

Nguyen et al., 2006). The identification of mucin 6 as a glycoprotein that, like BSSL, is able 

to prevent viral hijacking via DC-SIGN provides further insight regarding the innate immune 

system. Knowledge gained from understanding the molecular interactions of mucin 6 and 

BSSL with DC-SIGN can be used in the development of microbicides that can help prevent 
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HIV-1 or other pathogen transmissions. The reason being that in the absence of semen or 

in situations where the seminal blocking of DC-SIGN is relatively low, additional DC-SIGN 

blocking may be beneficial in reducing the likelihood of transmission. Furthermore, 

molecules like mucin 6 and BSSL may be used to specifically target therapeutic agents or 

vaccine vehicles to DCs via DC-SIGN. Follow up studies are needed to gain more insight into 

the molecular structure and glycan organization of mucin 6 and BSSL, optimal for DC-SIGN 

binding. For the development of these molecules as microbicides, additional research is 

also required to determine the minimal sizes of these glycoproteins still providing optimal 

DC-SIGN binding.

M a t e r i a L S  a n d  M e t H o d S

cells. The Raji and Raji DC-SIGN cells were obtained and cultured as previously 

described (Geijtenbeek et al., 2000a; Naarding et al., 2005; Naarding et al., 2006). 

Peripheral blood mononuclear cells (PBMCs) were isolated from three buffy coats 

using ficoll-hypaque density centrifugation and pooled before freezing. The cells 

were cultured in RPMI containing 10% FCS, recombinant IL-2 (100 U/ml), penicillin (100 

U/ml) and streptomycin (100 U/ml) and were activated with phytohemagglutinin (3 

µg/ml). At day 3 the PBMCs were enriched for CD4 positive cells by negative selection 

using CD8 immunomagnetic beads (Dynal Biotech). CD4 positive cells were cultured 

in RPMI containing 10% FCS, recombinant IL-2 (100 U/ml), penicillin (100 U/ml) and 

streptomycin (100 U/ml). 

Immature monocyte derived dendritic cells (IMDDCs) were prepared as previously 

described (Sallusto & Lanzavecchia, 1994). Human blood monocytes were isolated from 

buffy coats by use of a Ficoll gradient and a subsequent CD14 selection step using a MACS 

system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Purified monocytes were 

differentiated into IMDDCs in the presence of interleukin-4 (IL-4) and granulocyte-

macrophage colony-stimulating factor (500 and 800 U/ml, respectively; Schering-Plough, 

Brussels, Belgium) and used on day 6. The phenotype of the IMDDCs was confirmed by 

flow cytometry with antibodies against MHC class II molecules, CD1a, CD11b, CD11c, CD14, 

ICAM-1, CD83 and CD86. Low level surface expression of CD83, CD86 and MHC class II was 

detected for IMDDCs with high DC-SIGN expression.

Virus Replication-competent HIV-1 stocks were generated by the passage of viruses 

through CD4+ T lymphocytes as previously described (Naarding et al., 2005; Naarding et 

al., 2006). Subtype B LAI (X4) and NSI-18 (R5) were used.

Seminal plasma. Semen was centrifuged for 15 minutes at 14000rpm. The supernatant 

(seminal plasma) was dialyzed in 4 liters 0.5X PBS over night at 4ºC using a 3.5K Slide-

A-Lyzer® Dialysis Cassette (Pierce). The buffer was replaced by fresh 0.5X PBS the next 

morning and left for another 4 hours. The Seminal plasma was collected and centrifuged 
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again for 15 minutes at 14,000rpm before storage at -20°C. Semen samples were donated 

by healthy volunteers and used after informed consent. For determining the protein 

concentration of DSP, the DSP samples were diluted 1:10 in PBS and the optical density at 

280 nm was measured.

Seminal plasma cytotoxicity test. Dilutions of filter sterile SP or filter sterile dialyzed 

SP (DSP) were made in RPMI supplemented with penicillin (100 U/ml) and streptomycin 

(100 U/ml). Raji-DCSIGN cells were incubated for 2 hours after addition of the SP or DSP 

dilutions. The cells were washed with PBS and cultured. Cell viability was determined at day 

2 using classical trypan blue staining. The cytotoxicity was determined by calculating the 

ratio of non viable versus viable cells. 

dc-SiGn mediated transfer of HiV-1 in presence of dialyzed seminal plasma. DSP 

dilutions were made in RPMI. Raji or Raji-DC-SIGN cells (5x104 cells/well) were pre-

incubated with dilutions of DSP before addition of 250 TCID
50

/ml HIV-1 isolate NSI-18. 

After 60 minutes incubation, the cells were washed and co-cultured with 2x105/well CD4+ 

enriched T-lymphocytes. Raji and Raji DC-SIGN cells incubated with RPMI without DSP 

before adding virus were used as controls. Replication of transferred HIV-1 was measured 

at day 7 using a standardized capsid-p24 ELISA protocol (Naarding et al., 2006). 

Transfer by DCs: Transfer of HIV-1 to CD4+ enriched T-lymphocytes by dendritic 

cells was performed as previously described (van Montfort et al., 2007). In short, 1x105 

immature monocyte derived dendritic cells (IMDDCs) were incubated for 30 minutes with 

1000 fold diluted DSP from various donors, or with 20 ug/ml DC-SIGN blocking antibody at 

37°C. Virus (1.000 TCID
50

/ml end concentration) was captured by pre-treated IMDDCs for 

2 hours at 37°C. Unbound virus was removed by washing IMDDCs three times with medium 

and cells were co-cultured with 2.0 x 105 CD4+ T lymphocytes in a 96 wells plate. Medium 

was removed after 48 hours and cells were cultured in fresh RPMI, containing rIL-2 (2 mg/

ml) and indinavir (1 µM; NIBSC) for 3 days. Transmission was determined as the number of 

infected CD4+ T lymphocytes measured by following intracellular CA-p24 expression by 

FACS flow cytometry per 1.0 x 105 CD3+ T lymphocytes.

co-culture of dc-SiGn expressing cells and cd4+ t-lymphocytes in presence of HiV-1 

and dSP. DSP dilutions were made in RPMI and 1000 TCID
50

/ml NSI-18 or LAI. A mix of Raji or 

Raji-DC-SIGN cells (5x104 cells/well) with CD4+ enriched PBMCs (2x105/well) was plated (150 

µl/well). The DSP/virus mix was then added to the cells (150 µl/well) and incubated at 37°C. 

Co-cultures with RPMI but without DSP were used as control. Replication of transferred 

HIV-1 was measured at day 3-8 and day 9 using a standardized capsid-p24 ELISA protocol 

(Naarding et al., 2006). 

Co-culture with DCs: DSP was diluted in RPMI and mixed with 1000 TCID
50

/ml NSI-18. 

As controls, a mix of RPMI or 30 µg/ml mannan with 1000 TCID
50

/ml NSI-18 was used. A mix 

of 5x104/well IMDDCs and 2x105/well CD4+ enriched PBMCs was plated (150 µl/well). The 
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DSP/virus mix was then added to the cells (150 µl/well) and incubated at 37°C. Replication 

of transferred HIV-1 was measured at day 7 using a standardized capsid-p24 ELISA protocol 

(Naarding et al., 2006).

Fluorescent-activated cell sorting analysis of infected cells Infection was measured 

using Fluorescent-activated cell sorting (FACS) analysis (van Montfort et al., 2007). In 

short, two days after infection 1mM Indinavir was added to cell cultures. Cells were fixated 

4 days after infection in 3,7% formaldehyde and permeabilized in 0,1% saponin [Riedel-

deHaën, S060905] and 1% BSA/50 mM NH
4
Cl

2
 in PBS. Immunostaining was performed with 

1:100 anti human CD3 APC [BD Pharmingen cat:555335]/1:200 anti P24-FITC [Coulter Clone. 

Cat 6604665]. The fraction of infected cells was determined using FACS.

dc-SiGn binding eLiSa. ELISA plates were coated with SP 1000 fold diluted in 0.2 M NaHCO
3
 

buffer. For the fractionated DSP a 250 fold dilution was coated. Plates were incubated with 

a recombinant human DC-SIGN-Fc chimera (R&D systems) in TSM buffer (20mM TRIS, 

150 mM NaCl, 1mM CaCl
2
 and 2mM MgCl

2
) containing 5% BSA as previously described 

(Naarding et al., 2005; Naarding et al., 2006). Peroxidase labeled anti-human Fc antibodies 

(Jackson Immunology) were used to quantify the bound DC-SIGN-Fc. Non specific binding 

of DC-SIGN-Fc was determined for each individual sample by pre-incubating the calcium 

dependent DC-SIGN-Fc for 20 minutes with 20 mM EGTA (Sigma-Aldrich). 

deglycosylation of seminal plasma. ELISA plates were coated with SP 1000 fold diluted in 

0.2 M NaHCO
3
 buffer. Coated wells were treated with a1-2,3,6-mannosidase (Prozyme) or 

a1-3,4-fucosidase (Calbiochem) according to the protocol of the manufacturer. Incubations 

were performed over night at 37°C. After deglycosylation, the wells were washed with TSM 

buffer and a DC-SIGN ELISA was performed to determine the DC-SIGN binding.

Lewis sugar eLiSa. ELISA plates were coated with SP 1000 fold diluted in 0.2 M NaHCO
3
 

buffer. Coated wells were incubated with mouse anti Lewis b mAb (T218) (Calbiochem), 

mouse anti Lewis x (VWR International) or mouse anti Lewis mAb (F3) (Calbiochem) 40 fold 

diluted in TSM containing 5% BSA or with TSM/BSA only as a negative control. Anti mouse 

IgG-HRP antibodies were used to detect bound anti Lewis antibodies. 

Fractionating seminal plasma using centrifugal filter devices. DSP was fractionated 

using YM-30 and YM-100 Microcon® centrifugal filter devices (Millipore) and as directed 

in instructions to users.

SdS-PaGe and Western blot analysis of dSP. DSP was separated using 3-8% NuPage TRIS/

acetate gels (Invitrogen). Gels were stained with a Colloidal Coomassie stain (Fermentas) and 

destained with deionized water. For immunoblotting the gels were blotted on polyvinylidene 

difluoride membranes (PVDF-F; Millipore) and stained with DC-SIGN-Fc (R&D systems, Inc.), 

and goat anti-human IgG1 antibody (Jackson Immunoresearch, West Grove, PA). Visualization 

was performed using Odyssey infrared imaging system (LI-COR Bioschiences, USA). 
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Size fractionation of dSP with sepharose. DSP was size fractionated using a superose 

6 10/300 GL column (GE Healthcare) on an Äkta FPLC (GE Healthcare). PBS was used for 

column washing and elution. 

identification of dc-SiGn binding components using mass spectrometry. Protein 

bands excised from gel were analyzed using Matrix-assisted laser desorption/ionization-

time of flight (MALDI-TOF, M@LDI, Micromass Wythenshawe, UK) and LC-ESI-MS/MS 

(QSTAR-XL, Applied Biosystems/MDS Sciex, Toronto, Canada). In summary, stained protein 

bands were cut from the gel. For mass spectrometry analysis gel slices were S-alkylated 

with iodoacetamide and vacuum dried. The in-gel digestion with trypsin (Roche Molecular 

Biochemicals, sequencing grade) and extraction of the peptides upon overnight incubation 

were done according to Shevchenko et al. (Shevchenko et al., 1996). Dried peptides 

were redissolved in 6 ml of a solution containing 1% formic acid and 60% acetonitrile. 

The peptide solutions were mixed 1:1 (v/v) with a solution containing 52 mM a-cyano-4-

hydroxycinnamic acid (Sigma-Aldrich Chemie BV) in 49% ethanol / 49% acetonitril / 2% 

TFA and 1 mM Ammoniumacetate. Prior to dissolving, the a-cyano-4-hydroxycinnamic 

acid was washed briefly with acetone. Reflectron MALDI-TOF spectra were acquired on a 

M@LDI (Micromass Wythenshawe, UK). The resulting peptide spectra were used to search 

the MSDB databases of the Mascot search engine (http://www.matrixscience.com). 

Peptide mixtures and tryptic digests of fractions of interest (see size fractionation of DSP) 

were also analyzed. For LC-ESI-MS/MS analysis, peptide separation was performed using a 

nanoscale reversed-phase vented column system fitted onto an Agilent 1100 series HPLC 

system, essentially as described in (van Breemen et al., 2008). Sample was loaded onto a 2 

cm x 100 µm ID C18 trapping column (Nanoseparations, Bilthoven, The Netherlands) and 

trapped peptides were separated with a 63 cm x 50 µm ID C18 reversed phase analytical 

column (Nanoseparations, Bilthoven, The Netherlands) using a linear gradient of 8-30% 

solvent B for 95 min (flow rate of 125 nl/min). The column was interfaced to a QSTAR-XL 

mass spectrometer for online electrospray ionization-mass spectrometry (ESI-MS) via 

a liquid junction with nebulizer using an uncoated fused-silica emitter (New Objective, 

Cambridge, MA, USA) operating around 4.7 kV (ID, 20 µm, tip ID 10 µm). Survey scans were 

acquired from m/z 300–1,200 and the three most intense ions were automatically selected 

for tandem MS. Acquired peptide spectra were searched against a non-redundant protein 

sequence database (Swiss-Prot/TREMBL) using the online MASCOT search engine.

Statistical analysis. Statistical analysis was performed using two tailed unpaired t-tests. P 

values < 0.05 were considered statistically significant. 
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a b

Figure S2. The DC-SIGN binding factor in SP binds DC-SIGN via fucose sugars. (A) SP was coated in an ELISA plate 
and treated with a1-2,3,6-mannosidase or a1-3,4-fucosidase to deglycosylate it. As controls, SP was treated with 
mannosidase or fucosidase buffer only. DC-SIGN affinity of the deglycosylated SP was tested with a DC-SIGN 
ELISA. Samples were tested in triplicate, mean values are shown with standard error of the means (SEM, error 
bars). (B) The presence of Lewis sugars in seminal plasma was tested in an ELISA. Samples were tested in triplicate. 
As a negative control, wells were incubated without primary antibody but with secondary antibody. Mean values 
corrected for background (negative control) are shown with SEM.

Figure S1.  DSP significantly (p  <  0.05) decreases 
HIV-1 infection in a co-culture of IMDDC with CD4+ 
T-lymphocytes. The DC-SIGN blocking properties of 
DSP (donor 1) were tested in a co-culture of IMDDC 
with CD4+ T-lymphocytes in the presence of HIV-1 
(NSI-18) mixed with RPMI (No DSP), mannan or 1000 
fold diluted DSP from donor A (DSP A) or donor B 
(DSP B).
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G e n e r a L  d i S c u S S i o n

Twenty nine years after the first recognition of AIDS, the disease still represents a major 

health problem throughout the world. Despite enormous progress in understanding 

HIV-1 since its discovery, no definite answer to the AIDS epidemic has been formulated 

to date. Millions are newly infected each year with HIV-1, so new ways of prevention and 

treatment are still urgently required. We therefore need to increase our understanding of 

host factors that influence HIV-1 transmission and disease progression. Knowledge about 

such host factors and polymorphisms in their genes observed in individuals with natural 

resistance against HIV-1 acquisition or pathogenesis can be useful for the development of 

natural anti HIV-1 compounds or new therapies.

Several strategies may be used to limit HIV-1 transmissions among which are condom 

use and male circumcision (Weller & Davis, 2002; Chersich & Rees, 2008). Reality is that the 

HIV-1 epidemic is still not under control. Although use of condoms is the most effective way 

of protection against sexual HIV-1 transmission and their use should be promoted, condoms 

are often not used due to social or cultural circumstances (Weber et al., 2005; Chersich & 

Rees, 2008). This stresses the necessity to develop other means to prevent the spread of 

HIV-1. A vaccine represents the most obvious solution, but despite enormous efforts for 

many years, there is still no prospect for an effective vaccine against HIV-1 any time soon. 

Microbicides would provide an alternative or synergetic addition to vaccination. 

Microbicides are agents that are topically applied in the vagina or rectum in order to 

prevent sexual transmission of HIV-1 or other sexually transmittable diseases (STI). 

Microbicides are aimed at either destroying the virus particle, blocking HIV-1 binding to 

its receptors or preventing reverse transcription in infected cells. A forth-proposed type 

of microbicide aims to prevent inflammatory responses against invading HIV-1 particles 

in order to avoid the attraction of HIV-1 target cells to the infected area and subsequent 

amplification of the infection (Li et al., 2009). 

Although prevention of HIV-1 infection has priority, new treatment options are still 

required since present therapy is unable to completely clear HIV-1 from an infected 

individual and HIV-1 ultimately escapes from their effects. A potential target for microbicides 

or therapy is the HIV-1 receptor DC-SIGN, which was proposed to play a role during HIV-1 

transmission and disease course (Geijtenbeek et al., 2000; Liu et al., 2004; Koizumi et 

al., 2007). Functions described for DC-SIGN include roles in pathogen recognition, cell 

migration and immunological synapse formation. In vitro data demonstrate that HIV-1 

can utilize DC-SIGN to enhance infection and modulate immune activation and genetic 

screening of HIV-1 progression cohorts suggest a role for DC-SIGN in HIV-1 transmission 

and disease course (Geijtenbeek et al., 2000; Arrighi et al., 2004; Gringhuis et al., 2009; 

Gringhuis et al., 2010; Liu et al., 2004; Koizumi et al., 2007). 

The neck region of DC-SIGN between the C-terminal domain and the transmembrane 

domain is typically formed by 7 repeats of 23 amino acids. It plays a crucial role in 
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oligomerization and support of the carbohydrate-recognition domain and is believed to 

influence the pathogen-binding properties of DC-SIGN (Barreiro et al., 2005). This region 

seems to be under strong selective forces with a very low polymorphism frequency. Liu 

and colleagues observed that 3 out of 94 exposed seronegatives carried a heterozygous 

repeat deletion in the neck region while no heterozygotes were found in a group of 316 

seropositive individuals (Liu et al., 2004). Koizumi and colleagues investigated the effect of 

a single nucleotide polymorphism (SNP) in the DC-SIGN promoter region at position -139 

within a cohort of 102 seropositive individuals. The -139C SNP appeared in progressors with 

significantly higher allelic frequency (0.333) than slow progressors (0.204) (Koizumi et al., 

2007). These studies suggest a role for DC-SIGN polymorphisms in HIV-1 transmission and 

disease course but it is not unlikely that DC-SIGN function is modulated at an additional 

level by DC-SIGN ligands. 

 In this thesis we focused mainly on the interaction between host glycoproteins and 

DC-SIGN but, in addition, host molecules that directly bind to HIV-1 also influence HIV-1 

infectivity. The DC-SIGN blocking properties of human semen and milk described in 

chapters 2, 3, 5 and by Naarding et. al. (Naarding et al., 2005) suggest that availability of 

DC-SIGN for HIV-1 may well be limited during HIV-1 transmission in the presence of these 

bodily fluids. Furthermore, we observed donor dependent variation in DC-SIGN binding 

capacity of both semen and milk. This observation suggests that DC-SIGN availability may 

be variable depending on the semen or milk “donor”. Presence of such DC-SIGN blocking 

compounds in bodily secretions and individual variation in DC-SIGN blocking may have 

resulted from selective pressures in co-evolution between human and pathogen. 

Variation in DC-SIGN binding capacity of milk and semen may be determined by several 

factors. These factors include BSSL or mucin 6 expression levels, activity of glycosidases adding 

the required Lewis sugars and structural organization of the DC-SIGN binding glycoproteins. 

Both BSSL and mucin 6 exist of multiply repeated Lewis sugar carrying motifs that are highly 

variable in the number of repeats. Such variation in the number of repeats influences both 

the number of Lewis motifs linked to the protein and its structural organization. In chapter 

3 we studied the relation between the number of repeats in the BSSL gene and DC-SIGN 

binding capacity of milk and observed a link between the two. We hypothesize that not 

only variable DC-SIGN binding properties of BSSL but also those of mucin 6 are related to 

variation in repeat numbers. Furthermore, since in addition to milk BSSL is also expressed 

in blood, we investigated the role of BSSL repeats in HIV-1 transmission, disease course and 

host immunology (chapter 4). Our results suggest that indeed BSSL genotype is associated 

to HIV-1 disease progression and host immune cell levels. 

i M P L i c a t i o n S  F o r  H i V - 1  t r a n S M i S S i o n

In this thesis we describe the identification and characterization of glycoproteins from milk 

(BSSL) and semen (mucin 6) that have strong DC-SIGN binding and HIV-1 transfer-blocking 
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properties. Although the identified DC-SIGN binding glycoproteins are not identical they 

do share properties likely of importance for DC-SIGN binding and blocking. Both are 

large glycoproteins (>100 kDa) that carry multiply repeated regions with high densities 

of O-linked glycans also known as mucin (-type) repeats (Ruvoen-Clouet et al., 2006). 

Furthermore, both glycoproteins carry Lewis type sugars known to bind DC-SIGN 

(Landberg et al., 2000; McKillop et al., 2004; Wang et al., 1995; Andrianifahanana et al., 

2006; Linden et al., 2008). Although more glycoproteins carry Lewis type glycans, not all 

glycoproteins have DC-SIGN binding properties, which is possibly related to the number 

of Lewis glycans present and structural organization of the glycoprotein. Interestingly we 

observed variation in DC-SIGN binding capacity of milk linked to differently sized BSSL 

suggesting a structural constraint to the binding properties.

DC-SIGN forms tetramers in the cell membrane and it is therefore likely that for efficient 

DC-SIGN binding, a glycoprotein carrying multiple Lewis type sugars with optimal three 

dimensional organization is required (van Liempt et al., 2006). It seems logical that large 

glycoproteins such as mucin 6 and BSSL carrying multiply repeated glycosylated mucin 

type motifs would fit to this requirement. Additional significance of the large sizes of BSSL 

and mucin 6 may be that due to the size, interaction between DC-SIGN and other potential 

ligands may be sterically hindered. 

Taken together, our research suggests that BSSL from milk and mucin 6 from semen 

may interfere with variable potency with the interaction between DC-SIGN and pathogen 

during breastfeeding or sexual intercourse (chapters 2, 3 & 5). The fact that semen and 

milk as well as cervical vaginal secretions (Jendrysik et al., 2005) exhibit strong DC-SIGN 

blocking activities may have implications for the availability of DC-SIGN as HIV-1 receptor 

during transmission. It seems reasonable to conclude from our research that DC-SIGN 

does not play a (major) role as an attachment receptor for HIV-1 during transmission when 

semen or milk is present. However, even in situations with high levels of DC-SIGN blocking, 

HIV-1 binding to DC-SIGN may still occur at low levels. Furthermore, we observed strong 

donor dependent differences in DC-SIGN blocking activities of milk and semen, suggesting 

that DC-SIGN function in transmission may vary depending on the presence and activity 

of DC-SIGN blockers. 

It seems likely that DC-SIGN at least in part is blocked during HIV-1 transmission, but 

the intensity of this interference remains to be determined. Studies of the identified BSSL 

marker (chapter 3) in MTCT cohorts with mothers known to transmit HIV-1 to their child via 

breastfeeding may help address the question as to whether DC-SIGN usage is significant 

with regard to HIV-1 transmission. Collaborations have been setup for future testing of this 

hypothesis in a cohort of HIV-1 positive mothers from South Africa and should provide an 

answer to this question. 

DC-SIGN does not only play a role in pathogen capture for antigen presentation but 

is also involved in immune modulation via direct signaling. Gringhuis and colleagues 

observed that pathogens expressing mannose- or fucose type sugars induced DC-SIGN 
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mediated enhancement or suppression of proinflammatory responses (Gringhuis et al., 

2009). We demonstrated that both BSSL and mucin 6 bind DC-SIGN mainly through Lewis 

type sugars (chapters 2 & 5). This may suggest that BSSL and mucin 6 induce suppression 

of proinflammatory immune responses as might be expected from bodily fluids such as 

milk and semen. Whereas the aim of breast milk is to provide the infant with essential 

nutrients such as amino acids and sugars, immune responses against milk would not be 

beneficial to the child. Similarly, in the case of semen, immune responses towards semen 

would not increase the chance of successfully producing (healthy) offspring. Indeed 

several studies report that both milk and semen suppress recipient immune responses 

(Chalabi et al., 2002; Kelly & Critchley, 1997; Robertson & Sharkey, 2001; Robertson et al., 

2009; Walker, 2010). It is not unlikely that BSSL and mucin 6 contribute to the suppression 

of inflammation by suppressing DC-SIGN mediated immune responses, either through 

immune modulation or interfering with pathogen capture or both. We have hypothesized 

that this dampening may be a way to reduce over-immune activation in newborns. Infants 

are suddenly exposed to a large array of antigens in human milk soon after delivery, which 

could lead to a “cytokine rush” or overstimulation of immune responses. 

c o - e V o L u t i o n  u n d e r  P a t H o G e n  P r e S S u r e

There is increasing evidence of blood group antigen involvement in susceptibility to 

pathogen infection. The high rate of polymorphisms in blood group antigen related genes 

such as those encoding glycans and the high prevalence of these polymorphisms suggest 

the existence of evolutionary pressure by different pathogen challenges (Moulds et al., 

1996; Schaeffer et al., 2001; Ruiz-Palacios et al., 2003; Fumagalli et al., 2009). Pathogens 

interact with host glycans in several ways: glycans can serve as attachment receptors 

for infection, decoy receptors or host glycoproteins can compete with pathogens for 

pathogen receptor binding. Decoy receptors are secreted host molecules that mimic host 

receptors and bind to pathogens and in this way neutralize infectivity. In particular the 

FUT2 and FUT 3 gene, encoding fucosyltransferases 2 and 3 involved in the synthesis of 

DC-SIGN binding Lewis type sugars have been associated to pathogen infection (Newburg, 

2009; Ruvoen-Clouet et al., 2006; Boren et al., 1993; Sheinfeld et al., 1989). 

FUT2 was linked to HIV-1 transmission and disease progression although controversial 

reports were published with respect to the effect of FUT2 in transmission (Sheinfeld et 

al., 1989; Blackwell et al., 1991; Ali et al., 2000; Puissant et al., 2005; Kindberg et al., 2006). 

Blackwell and Ali reported a higher incidence of HIV-1 infection in individuals with a 

functional FUT2 gene, so-called secretors (Ali et al., 2000; Blackwell et al., 1991). Ali and 

colleagues found this relation in commercial sex workers but not in non-commercial sex 

workers and the number of participants of the Blackwell study were limited (n=54). In 

contrast, Puissant and colleagues reported a decreased frequency of secretor positivity in 

HIV-1 infected patients when compared to controls although this was limited to individuals 
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with blood group A (Puissant et al., 2005). The latter study included 968 HIV-1 positive and 

32,032 control individuals visiting a French hospital with no information on inclusion of 

commercial sex workers. 

Possible differences between outcomes of the FUT2 studies on HIV-1 transmission may 

relate to the number of individuals included and the method of Lewis type determination. 

Furthermore, differences in number of participants enrolled in the studies with commercial 

sex workers in one publication and non-commercial sex workers in the two other studies 

as well as different ethnicity may have contributed to the different observations. Taken 

together it is possible that the FUT2 gene influences HIV-1 transmission directly by 

producing HIV-1 inhibitory glycans or possibly indirect by decreasing risk of co-infections. 

In addition, factors not included in the studies may have played a role among which 

are polymorphisms in glycoproteins carrying fucoses such as those identified for BSSL 

(chapter 3). It will be interesting to include BSSL polymorphisms in studies on the relation 

between FUT2 and HIV-1 disease progression or add information on FUT2 polymorphisms 

to our own cohort study. 

We demonstrated that fucose carrying glycoproteins in semen and milk block the 

interaction between HIV-1 and DC-SIGN but another example of glycan involvement 

in disease is the infection with Norwalk virus. Norwalk virus infects through binding 

2-fucosylated structures expressed on epithelial cells. Hosts with functional FUT2 genes, 

so-called secretors, express 2-fucose glycans and can be infected whereas non-secretor 

individuals lacking functional FUT2 genes cannot be infected (Hutson et al., 2005; 

Lindesmith et al., 2003). BSSL in the milk from secretor mothers acts as a decoy receptor 

by binding to Norwalk virus and inhibiting infection of the child whereas BSSL from non-

secretor mothers is unable to prevent Norwalk virus infection (Ruvoen-Clouet et al., 2006). 

It seems that expression of glycosidases may have opposing effects with functional FUT2 

genes in the child rendering the child at risk to infection but functionality in the mother 

providing protection to the child. Additionally, activity of genes involved in glycosylation 

such as FUT2 and FUT3 likely also influence the DC-SIGN binding capacity of BSSL, which 

depends on the expression of Lewis sugars. 

It is not unlikely that evolutionary pressure on glycans extends to the composition 

of glycoproteins that interact with pathogen or pathogen receptors. BSSL and mucin 

6 are glycoproteins with significant cost in production due to their size and intensity 

of glycosylation but are abundantly expressed in bodily fluids. This suggests that these 

molecules play an important role in these fluids. As suggested before, BSSL and mucin 6 

may provide tolerance to their carrier fluid but in addition these glycoproteins possibly 

limit infection by DC-SIGN using pathogens. These functions are highly relevant for 

survival and procreation.

Although pathogen capture by DC-SIGN induces immune responses necessary to fight 

infection, some pathogens are believed to abuse this mechanism to establish infection. 

Restricted availability of DC-SIGN for pathogen capture due to BSSL and mucin 6 may 
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then allow the scavenger function of DC-SIGN but prevent over-exposure to pathogens. 

This would result in decreased risk of DC-SIGN mediated infection as well as prevent 

the induction of too strong immune responses. The necessity to prevent a potentially 

hazardous interaction between pathogen and DC-SIGN depends on the presence of 

DC-SIGN abusing pathogens in a population. Exposure to pathogens may result in 

selective pressures in the direction of either strong or weak DC-SIGN blocking, which is 

dependent on the type of circulating pathogens dominating a specific population. This 

may be reflected by the observed differences in the DC-SIGN binding capacity of milk 

derived from different geographical regions and high degree of variation in the BSSL 

gene as described in chapter 3. Furthermore, the observed variation in DC-SIGN binding 

capacity of both milk and semen within a population could reflect the different pathogen 

pressures over time within a population. 

With its dual role in innate immunity it is not unlikely that evolution of BSSL and possibly 

also mucin 6 variants is not only driven by DC-SIGN binding of pathogens. The role of BSSL 

as a decoy receptor and related glycosylation patterns may result in additional pathogen 

pressures. Therefore it seems likely that constant exposure to different pathogens may 

result in opposing selective pressures and thus in maintenance of high levels of variation in 

genes involved in host-pathogen interaction. 

b S S L  i n  d i S e a S e  P r o G r e S S i o n

DC-SIGN was not only proposed to play a role in transmission but also during disease 

course. With the presence of BSSL in blood, the possibility exists that BSSL interferes with 

the interaction between HIV-1 and DC-SIGN in HIV-1 infected individuals. In addition to 

DC-SIGN, BSSL binds to CXCR4 and is therefore likely to interfere with the interaction of 

SDF1 and HIV-1 with CXCR4. In chapter 3 we linked DC-SIGN binding capacity of milk to 

BSSL genotype and therefore we hypothesized that this genotype may also influence the 

interaction between BSSL and DC-SIGN or CXCR4 in HIV-1 infected individuals. 

chapter 4 describes the identification of a link between BSSL genotype and HIV-1 

disease progression and emergence of X4 variants. For our analyses we included several 

co-factors known to affect HIV-1 disease progression (CCR5-∆32, HLA-B57, virus load - and 

CD4 setpoint) to correct for possible dependencies of observed BSSL effects on these 

factors. Although inclusion of co-variates in analyses results in decreased statistical power 

due to the fact that not for all samples co-variate data is available, inclusion of co-variates 

increased statistical significances in most cases. 

Although a minimal but not statistically significant relation between BSSL genotype 

and CD4 setpoint was observed, BSSL genotype was associated to CD4 cell numbers 

prior to infection. We demonstrated that a particular BSSL (HH) genotype is correlated 

to elevated numbers of CD4 cells in uninfected individuals whereas the same genotype 

was linked to slow disease progression in HIV-1 infected men. Whether increased CD4 
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cell numbers are related to interactions between BSSL and DC-SIGN or CXCR4 remains 

to be investigated but it indicates a link exists between BSSL genotype and immune 

cell homeostasis. 

The BSSL genotype that correlated to high CD4 cell numbers in blood was also found 

more frequently in uninfected individuals with higher risk behavior (HRSN), although no 

statistical significance was found in the latter. These observations seem contradictory 

since increased CD4 cell numbers would suggest that there are potentially more targets 

for HIV-1 available. However, it could be that increased CD4 cell numbers in blood reflect 

a decreased cell number at the mucosa. Furthermore, it could be imagined that BSSL 

binding to CXCR4, involved in the regulation of T-lymphocyte migration, proliferation and 

differentiation (Moser & Loetscher, 2001; Wu & Yoder, 2009), modulates the interaction 

between SDF1 and CXCR4. Such modulation could potentially lead to a decreased 

sensitivity of CXCR4 expressing cells for SDF1 homing signals directing these cells to the 

lymphoid tissues or mucosa. Future research should elucidate if a relation between BSSL 

and T-lymphocyte migration indeed exists. 

c o n c L u d i n G  r e M a r k S

Our research demonstrates that semen and milk contain glycoproteins that potently block 

the interaction between HIV-1 and DC-SIGN suggesting that milk and semen influence HIV-1 

transmission. This raises the question as to whether DC-SIGN acts as an HIV-1 attachment 

receptor for transmission or whether such an interaction is prevented by BSSL or mucin 

6. The identified polymorphism in BSSL that associates with DC-SIGN binding capacity of 

milk provides us with a tool to study DC-SIGN mediated transmission via breastfeeding by 

HIV-1 infected mothers. Obviously DCs expressing DC-SIGN lie below the mucosal surface 

but breaches in the protective epithelial layer are common. Breaches in the epithelial layer 

were especially  more common in the years before usage of anti-bacterial drugs due to a 

higher incidence of (then untreatable) mucosal infections. 

Since DC-SIGN binding of milk was found to be highly variable, the risk of DC-SIGN 

mediated transmission may also vary depending on the breastfeeding mother. Studying 

the effect of BSSL polymorphisms on HIV-1 transmission by breastfeeding mothers could 

provide (indirect) evidence for a role of DC-SIGN in transmission. If an association between 

BSSL genotype and HIV-1 transmission is found, the BSSL genotype could serve as a marker 

to predict the risk of HIV-1 transmission via breastfeeding. Furthermore, given their 

possible immune modulating roles, it may be interesting to study the relation between 

DC-SIGN binding capacity of milk and semen and the development of allergy in children 

(milk) and male fertility (semen). Ultimately, our study may help develop BSSL derived 

therapeutic molecules for mucosal application against DC-SIGN related pathogenic 

infections for individuals with low natural protection levels.
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Our research not only suggests that DC-SIGN exposure to HIV-1 may be limited by 

semen and milk but also stresses the importance to include these fluids in vaccine or 

microbicide testing. Most vaccines and microbicides are tested in rhesus macaques before 

proceeding to clinical trials and therefore influence of semen and milk on SIV transmission 

should be studied in this model. Such testing will enhance our understanding of HIV-1/

SIV transmission and enable optimization of vaccine and microbicide testing in rhesus 

macaques and hopefully speed up development of effective therapeutics.

In addition to the observed correlation between BSSL genotype and DC-SIGN binding 

of milk we observed a similar link with HIV-1 disease progression. Furthermore, the 

analysis of HRSN and seropositive individuals suggested a possible correlation between 

BSSL genotype and protection against HIV-1 infection. Although the mechanisms behind 

this observation need to be further investigated, the identification of BSSL as a marker 

for HIV-1 disease course and possibly risk of infection provide a new target for therapy 

development. Taking into account the high frequency of BSSL polymorphisms, BSSL may 

be a promising candidate for therapeutics development with impact on a relatively high 

number of individuals. 
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In 2008 approximately 33 million people worldwide were living with HIV-1, with each year 

millions becoming newly infected. Despite enormous efforts since the recognition of AIDS 

and the identification of HIV-1 as the causative agent, effective vaccines or microbicides 

are still not available. A better understanding of the mechanisms of viral transmission and 

the identification of new host factors which can either influence transmission or disease 

progression will aide in the future development of such products. 

CD4+ T-lymphocytes, macrophages and dendritic cells (DCs) are among the cell 

types targeted by HIV-1. These cells express CD4 and CCR5, the two receptors required 

for infection with R5 viruses which is invariably the virus phenotype being transmitted. 

Additionally, DCs and macrophages, express an array of C-type lectins, such as DC-SIGN, 

which can capture virus. DC-SIGN is expressed to high levels in mucosal tissues at the sub-

mucosa and can bind a wide range of pathogens, including bacteria, fungi and viruses. 

Normally, invading pathogens are captured through binding DC-SIGN, internalized and 

degraded with the resultant antigens being processed and presented to the various cell 

types of the immune system. Although capture and presentation of invading pathogens 

is essential for inducing adaptive immune responses HIV-1 can escape degradation and 

can be passed to CD4+ T lymphocytes as infectious virus, a process called trans-infection. 

DC-SIGN has therefore been proposed to be among one of the receptors utilized by 

HIV-1 for transmission and viral dissemination as well as being associated with disease 

progression. 

Sexual intercourse and mother to child transmission (MTCT) are the two major 

routes of HIV-1 infection worldwide, with MTCT occurring in utero, during labor or via 

breastfeeding. All these transmission routes require virus to cross a mucosal barrier and 

very little is known with regards to how bodily secretions can influence such events. This 

incorporates the effects of breast milk on breastfeeding transmission as well as semen 

and/or vaginal secretions on sexual transmission of HIV-1. The work in this thesis describes 

the identification and characterization of two new host proteins found in bodily fluids that 

can interfere with HIV-1 binding to DC-SIGN. 

Our lab had previously demonstrated that human milk contains Lewis X sugar molecules 

that can bind DC-SIGN and block HIV-1 capture and transfer to CD4+ T lymphocytes. In 

chapter 2 we describe the identification of bile-salt stimulated lipase (BSSL) as a high 

molecular weight glycoprotein found in human milk which can bind to DC-SIGN and block 

viral capture and transfer. We show that milks from different mothers possess variant 

abilities to bind DC-SIGN with some milks demonstrating strong binding and others weak. 

We also show that the protein size of BSSL is associated with binding and not the protein 

expression level. From purification of different size forms from the same mothers milks we 

identify that the smaller BSSL form possesses stronger binding than the larger form.  
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In chapter 3 we further studied the relation between BSSL size and DC-SIGN binding 

variation in a large group of mothers. We hypothesized that variation in DC-SIGN binding 

properties of milk could be a common phenomenon within a population as well as 

between different populations and tested this hypothesis in a larger population size. We 

also predicted that the variation in protein size of BSSL is linked to the number of eleven 

amino acid repeats which make up the C-terminal region of the protein. Individuals have 

been shown to vary in the number of repeats contained within the gene, ranging from 

between 7 and 23 copies. We collected and studied milk samples from 287 different mothers 

distributed over four different geographical regions and studied their DC-SIGN binding 

properties as well as BSSL genotype. Our results demonstrate that DC-SIGN binding 

properties are highly variable for milks derived from different mothers and between 

mothers from different geographical regions. Furthermore, we found that differences 

in DC-SIGN binding are correlated with BSSL genotypic differences with regards to the 

number of eleven amino acid repeats.

BSSL is not only expressed in human milk but also in blood, being expressed by 

macrophages and endothelial cells. BSSL from blood has also been previously shown to 

interact with the HIV-1 co-receptor CXCR4. We therefore speculated that variant sized 

BSSL forms in blood differentially modulate the interaction between HIV-1 and DC-SIGN 

or CXCR4. In chapter 4 we studied the association between BSSL genotype and HIV-1 

infection and disease course in a cohort of homosexual men including 334 seropositive 

and 48 high risk seronegative men from the Amsterdam Cohorts Studies of Gay men. 

We observed a correlation between the BSSL genotype and CD4 cell numbers prior to 

infection. Additionally, once infected, disease progression and emergence of CXCR4 using 

HIV-1 variants related to the BSSL genotype. The major BSSL genotype in patients with slow 

disease progression was also dominant in high risk seronegative individuals. These results 

highlight the significance BSSL can play not only in HIV-1 transmission but also disease 

progression. 

Following the discovery of BSSL in human milk binding DC-SIGN and preventing HIV-1 

capture by DC-SIGN we hypothesized that human semen may also provide the same 

function since BSSL peptide fragments have been described in this bodily fluid. Indeed 

we found that seminal plasma could potently bind DC-SIGN and block viral capture and 

transfer to CD4+ T-lymphocytes (chapter 5). Using comparative SDS-PAGE and Western 

blotting combined with mass spectrometry we identified mucin 6 as the DC-SIGN binding 

component and not BSSL. Additionally, we demonstrate that purified mucin 6 binds 

DC-SIGN and successfully inhibits viral transfer. We observed that the DC-SIGN binding 

capacity of seminal plasma derived from different donors is variable and that CCR5 and 

CXCR4 using viruses are equally blocked. 

In conclusion we have identified two new host glycoproteins, BSSL from human milk 

and mucin 6 from seminal plasma that can bind DC-SIGN and block HIV-1 capture and 

transfer to CD4+ T lymphocytes. For BSSL we identify that the strength of binding DC-SIGN 



7

SU
M

M
A

R
Y/SA

M
E

N
V

A
T

T
IN

G

110

is associated with alterations to protein size as determined by the number of eleven 

amino acid repeats encoded by the gene. We also show that specific BBSL genotypes can 

be associated with rates of HIV-1 disease progression and in the timing of co-receptor 

switch from CCR5 to CXCR4 using. These findings indicate that multiple host factors in 

bodily fluids can likely influence HIV-1 transmission events and their further analysis may 

lead to the development of compounds that can be used in future HIV-1 microbicide or 

therapeutic agents.  
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S a M e n V a t t i n G

In 2008 leefden wereldwijd ongeveer 33 miljoen mensen met een HIV-1 infectie en 

jaarlijks raken miljoenen mensen geïnfecteerd. Ondanks de enorme inspanningen sinds 

de ontdekking van AIDS en de identificatie van HIV-1 als de veroorzaker daarvan zijn er 

nog steeds geen effectieve vaccins of microbiciden beschikbaar. Een beter begrip van de 

mechanismen van virus transmissie en ziekte progressie zullen helpen bij de toekomstige 

ontwikkeling van zulke antivirale producten.

CD4+ T-lymfocyten, macrofagen en dendritische cellen (DCs) behoren tot de cel 

typen die het doelwit zijn van de HIV-1 infectie. Deze cellen brengen o.a. CD4 en CCR5 tot 

expressie, twee receptoren die noodzakelijk zijn voor infectie met een R5 virus, het virus 

fenotype dat wordt overgedragen. Verder brengen DCs en macrofagen een serie C-type 

lectines tot expressie zoals DC-SIGN, die het virus kunnen binden. DC-SIGN expressie 

in submucosale weefsels is hoog en DC-SIGN kan een hele reeks pathogenen binden 

waaronder baceriën, schimmels en virussen. Normaal gesproken worden binnendringende 

pathogenen gebonden door DC-SIGN, geïnternaliseerd en vervolgens afgebroken met als 

resultaat dat de verwerkte antigenen gepresenteerd kunnen worden aan verschillende cel 

typen van het immuunsysteem. Hoewel het binden en presenteren van binnendringende 

pathogenen essentieel is voor het induceren van de adaptieve immuun response, kan 

HIV-1 ook ontsnappen aan deze afbraakroute en door DC-SIGN als infectieus virus worden 

overgedragen aan CD4+ T-lymfocyten. Dit proces wordt trans-infectie genoemd. Vanwege 

deze functie wordt gedacht dat DC-SIGN één van de receptoren is die door HIV-1 worden 

gebruikt voor transmissie en gedurende het ziekteverloop. 

Geslachtsgemeenschap en transmissie van moeder op kind zijn de twee belangrijkste 

routes voor HIV-1 infectie, waarbij transmissie van moeder op kind plaats kan vinden 

in de baarmoeder, gedurende de geboorte en via borstvoeding. Bij al deze transmissie 

routes moet het virus de slijmvlies barrière zien te overbruggen. Er is weinig bekend of 

lichaamsvloeistoffen deze gebeurtenis beïnvloeden. Hierbij valt te denken aan effecten 

van moedermelk op transmissie tijdens de borstvoeding en van sperma en/of vaginale 

afscheidingen op seksuele transmissie van HIV-1. Dit proefschrift beschrijft het werk 

aan de identificatie en karakterisatie van twee nieuwe humane eiwitten aanwezig in 

lichaamsvloeistoffen die kunnen interfereren met HIV-1 binding aan DC-SIGN. 

Ons laboratorium heeft eerder laten zien dat humane melk Lewis X suiker moleculen 

bevat die aan DC-SIGN kunnen binden en de interactie met HIV-1 verstoren. In 

hoofdstuk 2 beschrijven we de identificatie van bile-salt stimulated lipase (BSSL) als een 

hoog moleculair glycoproteïne met meerdere Lewis X groepen in humane melk dat aan 

DC-SIGN kan binden en virus binding en transfer kan blokkeren. We laten zien dat melk 

afkomstig van verschillende moeders sterk verschillen in de capaciteit om DC-SIGN te 

binden. Tevens tonen we aan dat de eiwit grootte van BSSL geassocieerd is met binding en 
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niet met het eiwit expressie nivo. Zuivering van BSSL van verschillende grootte gaf aan dat 

de kleinere BSSL vorm sterker bindt dan de grotere vorm. 

In hoofdstuk 3 hebben we de relatie tussen BSSL grootte en DC-SIGN binding verder 

bestudeerd in een grote groep moeders. Onze hypothese was dat variatie in DC-SIGN 

bindingseigenschappen van melk zowel binnen een populatie als ook tussen verschillende 

populaties aantoonbaar zou kunnen zijn. Verder voorspelden we dat de variatie in grootte 

van het BSSL eiwit verband houdt met het aantal herhalingen van een 11 aminozuur motief 

in het C-terminale deel van het eiwit. Het aantal herhalingen ofwel repeats varieert tussen 

verschillende individuen van 7 to 23 kopieën. We hebben de melk verzameld van 287 

moeders verdeeld over 4 verschillende geografische gebieden. Vervolgens hebben we 

de DC-SIGN bindende eigenschappen en het BSSL genotype bestudeerd. De resultaten 

laten zien dat de DC-SIGN bindende eigenschappen van melk zeer variabel zijn voor 

de verschillende moeders afkomstig uit zowel dezelfde als verschillende geografische 

gebieden. Verder hebben we gevonden dat verschillen in DC-SIGN binding gecorreleerd 

zijn met BSSL genotypische verschillen met betrekking tot het aantal elf aminozuur repeats. 

BSSL komt niet alleen in humane melk voor, maar ook in bloed waar het o.a. tot 

expressie wordt gebracht door macrofagen en endotheel cellen. Eerder onderzoek heeft 

aangetoond dat BSSL uit bloed een interactie aangaat met de virus co-receptor CXCR4. We 

speculeerden daarom dat BSSL varianten van uiteenlopende grootten de interactie tussen 

HIV-1 en DC-SIGN of CXCR4 meer of minder zouden kunnen moduleren. In hoofdstuk 

4 hebben we de relatie tussen het BSSL genotype (aantal repeats) en HIV-1 infectie en 

ziekteverloop bestudeerd in het Amsterdamse cohort van homosexuele mannen met 

daarin 334 seropositieve en 48 seronegatieve mannen. We vonden een correlatie tussen 

het BSSL genotype en de hoeveelheid CD4 cellen aanwezig voor infectie. Na infectie was 

er een relatie aantoonbaar tussen het BSSL genotype en het ziekteverloop, waaronder 

het opkomen van CXCR4 gebruikende HIV-1 varianten. Het meest voorkomende BSSL 

genotype in patiënten met een langzaam ziekteverloop was ook dominant in de groep 

seronegatieve individuen met een hoog risico gedrag. Deze resultaten benadrukken de 

rol die BSSL niet alleen gedurende het ziekteverloop maar ook tijdens HIV-1 transmissie 

zou kunnen spelen. 

Volgend op de ontdekking dat BSSL uit humane melk aan DC-SIGN bindt en de interactie 

van HIV-1 met DC-SIGN voorkomt is de hypothese ontwikkeld dat humaan sperma een 

vergelijkbare antivirale functie zou kunnen bezitten omdat er eerder beschreven is dat 

in deze vloeistof ook BSSL peptide fragmenten aanwezig zijn. Inderdaad vonden we dat 

het plasma van sperma sterk kan binden aan DC-SIGN, zodanig dat de interactie met het 

virus en het overbrengen naar CD4+ T-lymfocyten geblokkeerd wordt (hoofdstuk 5). 

Gebruikmakend van meerdere technieken waaronder massaspectrometrie hebben we 

het mucin 6 eiwit geïdentificeerd als de DC-SIGN bindende component in sperma. Tevens 

laten we zien dat het sperma zowel CCR5 als CXCR4 virussen blokkeert en dat gezuiverd 
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mucin 6 aan DC-SIGN bindt en virus transfer voorkomt. Tevens is gebleken dat de DC-SIGN 

bindende capaciteit van van sperma afkomstig van verschillende donoren niet gelijk is. 

Concluderend kunnen we stellen dat we twee nieuwe humane glycoproteïnen hebben 

geïdentificeerd, BSSL in humane melk en mucin 6 in sperma, die kunnen binden aan 

DC-SIGN en de interactie met HIV-1 en het overbrengen naar CD4+ T-lymfocyten blokkeren. 

Voor BSSL hebben we ontdekt dat de sterkte van de DC-SIGN binding geassocieerd is met 

veranderingen in de eiwit grootte welke o.a. bepaald wordt door het aantal 11 aminozuur 

repeats die worden gecodeerd door het BSSL gen. We laten ook zien dat specifieke BSSL 

genotypen geassocieerd kunnen worden met de snelheid van de HIV-1 ziekteprogressie en 

de overgang van CCR5 naar CXCR4 gebruikende virus varianten. Deze bevindingen wijzen 

erop dat meerdere gastheer factoren in lichaamsvloeistoffen de HIV-1 transmissie en het 

ziekteverloop kunnen beïnvloeden. Verder onderzoek aan deze factoren kan leiden tot de 

ontwikkeling van stoffen die gebruikt kunnen worden in toekomstige HIV-1 microbiciden 

of therapeutische middelen.
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d a n k W o o r d

Op de vraag van een student hoe het is om een promotie onderzoek te doen was mijn 

antwoord: “..it sucks”. Hoewel promoveren dus frustrerend kan zijn is het echter tegelijk 

ook een spannende en interessante bezigheid. Waar frustraties en tegenslagen helpen om 

als persoon sterker te worden, helpt de spanning om door te gaan met het onderzoek en 

maakt het de wetenschap extra leuk. Alles bij elkaar was het dus eigenlijk toch wel een 

mooie tijd en natuurlijk zeer leerzaam.

Buiten het lab hebben mijn familie en vrienden me altijd gesteund en waardoor het 

makkelijker was de motivatie hoog te houden. Maar ook dankzij de mensen in het lab heb 

ik een goede tijd gehad. Nu het resultaat van 4,5 jaar bloed, zweet en tranen op schrift 

staat, overheerst dan ook het gevoel van dankbaarheid. Ik wil daarom graag iedereen die 

direct dan wel indirect bij mijn promotie onderzoek heeft geholpen hartelijk danken! Een 

aantal mensen wil ik hieronder specifiek noemen:

Van het lab wil ik natuurlijk eerst mijn co-promotor, Bill, bedanken die het mogelijk heeft 

gemaakt dat ik aan dit fantastische onderzoeksproject heb kunnen werken. Samen hebben 

we meerdere hoogte en dieptepunten meegemaakt. Ik moet nog steeds lachen wanneer 

ik terugdenk aan ons congresbezoek in Parijs waar een Française tijdens een presentatie 

herhaaldelijk de term “CD4 count” op een wel heel aparte manier uitsprak. Verder bedank 

ik ook de rest van ons onderzoeksgroepje: Georgios voor wetenschappelijke input, Elly 

voor hulp op het lab en Thijs en Edwin. Mireille, Joe, Katja en Kimberley wil ik bedanken 

voor de input tijdens onze labmeetings. 

Dave, ik wil jou graag speciaal bedanken voor de fantastische steun die je hebt gegeven 

in een voor mij moeilijke tijd, voor je humor, boeiende gesprekken zoals over van Kooten 

en de Bie en natuurlijk dat schitterende gele proefschrift van jou. 

Thijs, alias ome wis met de unieke golf swing, wil ik danken voor alle wetenschappelijke 

input, goede gesprekken over wetenschap en politiek en de lachbuien.

Edwin bedank ik voor de samenwerking in het lab en natuurlijk ook voor onze 

gezamenlijke avonturen in Duitsland waarvan we de verhalen na ons pensioen maar eens 

moeten gaan opschrijven.

Nick, ouwe brokkenpiloot! Jij ook bedankt voor je gebuffel en veel plezier mocht je 

nog een keer naar Helsinki of, uh, Stockholm vliegen….?

Walter, bedankt voor die 666 concerten die we hebben bezocht met natuurlijk de 

topper in Vancouver! Ook bedankt voor het verrijken van onze taal met woorden zoals 

“überwasmachine” en “tardel”.

Dirk, bedankt voor die slimmigheden in het lab zoals de ELISA wasser en de uitstekende 

organisatie van onze verkenning van Vancouver waardoor we veel hebben kunnen zien. En 

uiteraard voor de gezelligheid op de golfbaan en in de Epstein. 

Karin, het was leuk om met jou de salsa in de Epstein te brengen en verder bedank ik je 

voor alle gezelligheid in en buiten het lab.
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Rogier, bedankt voor je altijd interessante wetenschappelijke input.

Mark, bedankt dat ik mijn samples op jouw kolom mocht brengen en bedankt voor je 

hulp in ICT noodgevallen. 

Ilja, ook jij bedankt voor het brengen van de Epstein naar tropische sferen met de 

merengue dans en natuurlijk de eeuwige gezelligheid.

Gözde, bedankt voor de enthousiasmerende aanwezigheid in de laatste maanden. Ik 

ben benieuwd wanneer je Chiwawa fonds klaar is en ik hoop dat je echt iets gaat doen met 

je prachtige zangstem.

Ying Poi ook jij bedankt voor de motivatie door je aanstekelijke lach, de sushi en 

gezelligheid.

Ben, bedankt voor je scherpe analyses van mijn teksten en mijn presentatie voor het 

IAS congres en natuurlijk de mogelijkheid om bij jou te kunnen promoveren. 

Jens en Eva, bedankt voor de vriendschap en morele support en positivisme die mij 

heeft geholpen de moeilijkere tijden door te komen. Ook natuurlijk bedankt voor het 

introduceren van Nadine!

Carolien, bedankt voor alle hulp met de organisatie rondom de laatste loodjes van het 

proefschrift en natuurlijk ook dat andere zware metaal…

Joe, bedankt voor alle mooie verhalen, de gezelligheid en wetenschappelijke input.

Julia bedankt voor de totenpalen, gezelligheid en het achterlaten van een spoor van 

eigendommen op plaatsen waar je bent geweest.

Renee, Gisela, Steffi, Joehoe, Alex, Rienk, Ronald en Jeroen: bedankt voor jullie 

gezelligheid, hulp op het lab en de sociale noot die jullie aan ons lab en daarbuiten geven. 

Mijn kamergenoten Steffi, Elly en Gözde, bedankt dat jullie mij hebben getolereerd in 

jullie kamer!

Ook bedank ik de mannen en de moeders die materiaal hebben afgestaan voor mijn 

onderzoek.

Renate, Frans en Ton en de rest van het lab@LUMC: bedankt voor jullie steun waardoor 

ik een goede start kon maken in de wetenschap. 

De jongens van v.v. JAG Leiden, bedankt voor de mooie weekenden met voetbal, eten, 

drinken, kaarten en gezelligheid. 

De voetballende architecten van Amsterdam: bedankt voor jullie interesse in mijn AIDS 

verhalen. 

Bob van Hotel vliegbasis Eindhoven en poezendorp Overpelt, dokter A. Coholla, Rinie 

Binie, president Theo en Maarten, bedankt voor jullie vriendschap, positivisme, steun en 

lessen hoe de wereld echt in elkaar zit. Maarten ook bedankt voor het verzorgen van mijn 

maatschappelijke integratie in de Amsterdamse samenleving. 

Jonne, jij natuurlijk uitzonderlijk bedankt voor je levenslange steun en vriendschap en 

je hulp als mijn paranimf. Tevens bedankt voor de hulp bij het ontwerpen van mijn boekje.

Pappa en mamma, jullie ook hartelijk bedankt voor jullie levenslange steun en motivatie 

om door te gaan. Dit boekje is ook jullie resultaat. Ook Annelein, mijn globetrottende 
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paranimf, zus en Dr Annie en haar Gijs: hartelijk bedankt voor jullie hulp, steun en 

gezelligheid. 

Last but not least: Nadine bedankt voor je liefde en de steun wanneer ik dat nodig had. 

Zonder jou zou het leven lang niet zo mooi zijn!

Verder natuurlijk ook die vele mensen die ik hier niet specifiek heb genoemd: bedankt 

voor alles!






