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Foreword 

Human Immunodeficiency Virus (HIV) infection can be acquired by IV drug abuse with 

contaminated equipment and transfusion of contaminated blood products. However, HIV 

mostly spreads by the mucosal route: sexual transmission is the dominant mode of 

transmission, responsible for between 85% and 90% of cases of infection worldwide (Quinn, 

1996; UNAIDS, 2012). Sexual transmission of HIV-1 among Men who have Sex with Men 

(MSM) predominates in high income countries like Europe, USA and Australia (Belec, 2007). 

By contrast, women and girls continue to be affected disproportionately by HIV in sub-

Saharan Africa, where approximately 60% of all HIV infections occur, although worldwide, 

47% of HIV infected individuals are women (UNAIDS, 2009). These epidemiological data 

indicate that semen is one of the major sources of HIV-1 transmission. 

Since the outbreak of the pandemic 30 years ago, many elegant and rigorous studies 

have provided insight into the mechanisms of HIV mucosal transmission. Numerous models, 

in vitro, ex vivo and in vivo in humanized mice, have been developed. Currently, the infection 

of macaques with Simian Immunodeficiency Virus (SIV) is recognized as being the most 

relevant experimental model for studies of HIV infection pathogenesis and mucosal 

transmission. The mucosal virus target cells as well as the early steps of virus transmission 

and their underlying mechanisms have been studied in detail. 

Semen, like other bodily secretions involved in HIV sexual transmission, contains the 

virus as two forms: cell-free viral particles and cell-associated virus, mostly in infected 

leukocytes. Although cell-to-cell HIV transmission has been extensively described as more 

efficient, rapid and resistant to host immune responses, very few studies have investigated 

the role in vivo of infected leukocytes in virus mucosal transmission. One such study has 

been recently conducted in our lab, and demonstrated that SIV-infected splenocytes are able 

to transmit infection to female macaques after vaginal exposure. However, all these studies 

used immune cells from peripheral blood or lymphoid tissues, such as spleen, and none 

have investigated the capacity of infected leukocytes in semen to transmit the infection in 
vivo. Indeed, nature, phenotype and infectivity of HIV associated with semen leukocytes may 

be different from that of HIV from other sources. 

Therefore, the objectives of this work were, first, to study of semen leukocytes and 

their dynamics during SIVmac251 infection in detail, then to investigate seminal factors that 

may influence semen infectiousness, and finally to test semen leukocyte infectivity in vitro 

and in vivo, using a model of mucosal exposure in cynomolgus macaques.  
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I. Semen as a vector of HIV 

Although semen is a major, clinically relevant, source of infectious HIV, little is known 

about the mechanisms by which HIV present in semen may cross mucosal barriers. The 

available data is from a small number of studies on human material and also from studies in 

nonhuman primate (NHP) models of HIV and AIDS. Indeed, macaques infected with simian 

immunodeficiency virus (SIV), and the strain SIVmac251 in particular, are currently 

considered to be the best models for investigating HIV transmission and infection 

pathogenesis (Anderson, 2010; Hatziioannou and Evans, 2012; Miller, 1994; Miller et al., 
1989; Veazey et al., 2012). The data reported in this chapter has mostly been obtained from 

infected patients, and NHP models of HIV/AIDS. 

 

A. Viral production in the male genital tract 

1) Semen producing organs 

Semen is a complex fluid, secreted by various organs of the male genital tract (MGT). 

It is composed of two fractions: one acellular, the seminal plasma; and one cellular (Le 

Tortorec and Dejucq-Rainsford, 2010). Seminal plasma is protein rich and is a mixture of 

secretions from the testes, epididymis, prostate, seminal vesicles and bulbo-urethral glands 

(Figure 1). The cellular fraction comprises of spermatozoa and round cells, including 

immature germ cells and leukocytes. Spermatozoa and immature germ cells are produced by 

the testis, whereas all semen producing organs provide leukocytes. 
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Figure 1 : Anatomy of the male genital tract. Adapted from (Cao and Hendrix, 2008). 

 

2) Distribution of HIV in infected organs 

Histopathological observations of human HIV+ patients and SIV-infected macaques 

clearly demonstrate that the MGT is an site of active viral replication (Dym, 1990; Le Tortorec 

and Dejucq-Rainsford, 2010; Miller, 1998; Pudney and Anderson, 1991). 

Infected cells, positive for either viral proteins (p24, gp120) or viral RNA, have been 

found throughout the MGT of HIV+ individuals, and in particular in the testes, epididymis, 

prostate, seminal and bulbo-urethral glands, and urethra (da Silva et al., 1990; Muciaccia et 
al., 1998; Paranjpe et al., 2002; Pudney and Anderson, 1991; Roulet et al., 2006). Similar 

findings for SIV+ macaques have been reported (Le Tortorec et al., 2008; Miller et al., 1994b; 

Shehu-Xhilaga et al., 2007) (Figure 2).  

Prostate and seminal vesicles are associated with higher levels of infection than the 

epididymis and testis. Macrophages and T cells are the principal infected cells. Mononuclear 

leukocytes are found, isolated or within small lymphoid aggregates, in the lamina propria and 

the epithelium of all semen-producing organs.  
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Figure 2 : Localization of SIV-infected cells in the macaque MGT. Adapted from (Le Tortorec et al., 2008). 

Scale bars: 20 µm. 

 

Large inflammatory infiltrates, mostly consisting of T cells, have been found in the 

MGT of HIV+ individuals and SIV-infected macaques, associated with the production of 

inflammatory cytokines (Le Tortorec et al., 2008) (Figure 3).  
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Figure 3 : Inflammatory infiltrates in the MGT of SIV-infected macaques. Immunohistochemical detection of 

HLA-DR+ cells. Scale bars : 100 µm. Adapted from (Le Tortorec et al., 2008). 

 

Epithelial cells do not appear to be infected in vivo. Nuovo et al. reported that HIV 

RNA could be detected by in situ hybridization in spermatogonia and their progeny from HIV 

patients who had died from AIDS (Nuovo et al., 1994), but these observations have not been 

confirmed by other studies. Two studies with organotypic culture models from human tissues 

reported that Leydig cells, present in the testis interstitium, are susceptible to particular HIV-2 

and SIV strains, but are not infected by HIV-1 (Roulet et al., 2006; Willey et al., 2003). 

However, SIV have never been reported to infect these cell types in vivo. 

 

HIV in the semen may result from excretion by infected cells present either within the 

mucosa or in the lumen of semen-producing organs, after transmigration through the 

epithelium (Belec, 2007; Le Tortorec and Dejucq-Rainsford, 2010).  

Secretions from the prostate and seminal vesicles make up 30% and 60%, 

respectively, of the seminal fluid, so these two organs may be the main sources of the virus 

in semen (Le Tortorec and Dejucq-Rainsford, 2010). This possibility is supported by two 

observations in HIV+ en has been shown to 

increase the HIV viral load in semen significantly (Smith et al., 2004a); and vasectomy does 

not significantly affect the semen viral load (Anderson et al., 1991; Krieger et al., 1998). 
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Importantly, HIV DNA has also been detected in pre-ejaculatory fluid, secreted by Littre and 

Cowper glands during sexual stimulation (Ilaria et al., 1992; Pudney et al., 1992). 

 

3) Nature of HIV in semen 

Semen contains HIV-1 / SIV in two forms: cell-free viral particles (vRNA) and cell-

associated virus. Several studies describe HIV-1 RNA in seminal plasma in 80-90% of HIV+ 

men, and HIV-1 DNA can be isolated from the cellular fraction of semen from 21-75% of 

such cases (Bagasra et al., 1994; Ball et al., 1999; Dulioust et al., 1998; Mermin et al., 1991; 

Quayle et al., 1997; Tachet et al., 1999; Xu et al., 1997; Zhang et al., 1998a). The amount of 

HIV DNA ranges from below the detection threshold to 80,000 copies/ml, and vRNA copy 

numbers range from undetectable to more than 6 log10 copies/ml (Ball et al., 1999; Krieger et 
al., 1998; Mayer et al., 1999; Tachet et al., 1999). 

 

The infectiousness of both cell-free and cell-associated viral forms have been 

evaluated but several independent studies (Anderson et al., 1992; Coombs et al., 1998; 

Dulioust et al., 1998; Dyer et al., 1996; Krieger et al., 1991a; Krieger et al., 1991b; Krieger et 
al., 1995; Nunnari et al., 2002; O'Shea et al., 1990; Vernazza et al., 1994; Vernazza et al., 
1997a; Vernazza et al., 1997b). The recovery rate of infectious virus from seminal cells 

seems to be much higher than that from seminal plasma (median 20%, 4-55% versus 5.9%, 

3-11% respectively) (Anderson et al., 2010a).  

 

The discrepancy between the relatively high number of vRNA copies in seminal 

plasma and the low infectiousness of cell-free virus suggests that much of it is replication 

incompetent or inactivated (Anderson et al., 2010a). However, Thomas et al. refuted this 

notion, suggesting that a low rate of virion-cell interactions, rather than a a large proportion of 

particles being defective accounts for the low infectivity of semen (Thomas et al., 2007). 

Also, various seminal factors display anti-HIV activity (see below). Another possible 

explanation is the putative cytotoxicity of semen in co-cultures used to isolate HIV (Allen and 

Roberts, 1987; James et al., 1983; Okamoto et al., 2002; Stites and Erickson, 1975).  

 

Semen from healthy men may contain greater than 106 leukocytes/ml. 

Leukocytospermia, an asymptomatic inflammation of the MGT, is found in 5-10% of healthy 

men (Politch et al., 2007; Tomlinson et al., 1992b; Yanushpolsky et al., 1995). Interestingly, 

leukocytospermia is more frequent among HIV-infected individuals, where the prevalence 

may be as high as 24% (Anderson, 2009).  
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It is generally considered that semen leukocytes are the principal source of cell-

associated virus (Anderson et al., 2010a). These cells enter semen from all organs along the 

MGT. Semen leukocytes include polymorphonuclear cells, macrophages and lymphocytes 

(Ball et al., 1999; Denny et al., 1995; Gil et al., 1998; Tomlinson et al., 1992a; Wolff and 

Anderson, 1988a), which are believed to contribute to local immune defense under normal 

conditions (Anderson, 2005) (Figure 4).  

 

The phenotype of semen leukocytes has been poorly documented. Most of the 

lymphocytes are T cells, including similar numbers of CD4+ and CD8+ T cells (Olivier et al., 
2012). Semen CD4+ T cells are activated, and strongly express CD69 (Sheth et al., 2012) 

and CD38 (Gianella et al., 2012). In HIV-infected men, semen, like peripheral blood and the 

gut, is depleted of CD4+ T cells (Gianella et al., 2012; Politch et al., 2009). 

 

 

Figure 4 : Immunohistochemical staining of leukocytes present in human semen. (a) CD4+ T cell (b) CD68+ 

macrophage (c) CD45+ leukocytes from a man with leukocytospermia. Adapted from (Anderson et al., 2010a). 

 

The presence of proviral DNA and vRNA has been documented in semen 

macrophages and CD4+ T cells. The infectiousness of these cells in vitro has been described 

(Quayle et al., 1997). However, their contribution to HIV transmission in vivo remains to be 

investigated.  

 

Whether or not spermatozoa are infected and can transmit the infection remain 

controversial (Piomboni and Baccetti, 2000; Pudney et al., 1999; Quayle et al., 1998). Some 

early studies based on electron microscopy and in situ hybridization reported evidence that 

spermatozoa may contain HIV particles and/or RNA (Baccetti et al., 1991; Bagasra et al., 
1994; Dussaix et al., 1993). However, these findings have not been confirmed, despite 

quantitative PCR studies in isolated spermatozoa (Persico et al., 2006; Pudney et al., 1999; 

Quayle et al., 1998). Indeed, more than 4,500 inseminations with viable and motile 

spermatozoa isolated from HIV-infected patients have been performed without any case of 

contamination of the seronegative partner (Bujan et al., 2004; Marina et al., 1998; Savasi et 
al., 2008; Semprini, 1993). 
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Recently, it was reported that spermatozoa can capture HIV virions through adhesion 

molecules expressed on their surface, and can efficiently transmit infection in vitro, through 

cell-to-cell contact, to dendritic cells (Ceballos et al., 2009). Thus, spermatozoa, even if not 

productively infected by HIV-1, may act as virion carriers and enhance viral transmission to 

target cells. 

 

B. Dynamics of viral shedding in semen 

HIV-1 shedding in semen has repeatedly been shown to vary with time and between 

individuals (it can be intermittent, especially during the chronic stage, or continuous) (Bujan 

et al., 2004; Coombs et al., 1998; Gupta et al., 2000). 

 

1) Seminal viral shedding during HIV/SIV infection 

a. vRNA shedding in seminal plasma 
Several studies have reported a positive correlation between the vRNA loads in blood 

and seminal plasma, although seminal plasma viral loads (SVL) are generally lower than in 

plasma viral loads (PVL) (Chan et al., 2008; Gupta et al., 1997; Kalichman et al., 2008; 

Tachet et al., 1999) (Figure 5); However, SVL are higher than PVL in up to 30% of HIV-

infected men, especially under antiretroviral treatment (ART) (Tachet et al., 1999). 
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Figure 5 : Spearman correlation between PVL and SVL. G1 subgroup: no detectable SVL. G2 subgroup: PVL 

greater than SVL. G3 subgroup: SVL greater than PVL. Adapted from (Tachet et al., 1999). 

 

SVL is considered to be a relevant predictive factor of semen infectiousness 

(Chakraborty et al., 2001). Semen vRNA loads, and thus risk of male-to-female transmission, 

is maximal during primary and terminal stages of HIV infection, although high SVL are 

reported in some cases during chronic asymptomatic infection (Cohen, 2007) (Figure 6). 

 

 

Figure 6 : Semen viral loads and risk per act of male-to-female HIV transmission during HIV infection. 
Adapted from (Cohen, 2007). 
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Furthermore, associations have been found between elevated SVL and concomitant 

STDs, like infection with HSV-2, N. gonorrheae, or C. trachomatis (Dyer et al., 1998b; Wolff 

and Anderson, 1988b); such co-infections may therefore be cofactors increasing the risk of 

transmission of HIV (see Chapter II).  

 

Antiretrovirals have been described to decrease vRNA loads in semen significantly, in 

parallel reducing the load in blood plasma. This decrease is associated with a theoretically 

lower risk of HIV sexual transmission (Anderson et al., 1992; Dyer et al., 1996; Gupta et al., 
1997; Hamed et al., 1993; Leruez-Ville et al., 2002; Liuzzi et al., 1999; Vernazza et al., 
2000). However, viral shedding in semen is not systematically suppressed during ART 

(Lorello et al., 2009; Marcelin et al., 2008; Politch et al., 2012; Tachet et al., 1999; Taylor et 
al., 2003; Vernazza, 2001), and shedding rebound is also frequent after treatment 

interruption, as observed in blood (Liuzzi et al., 2003). 

 

b. Cell-associated viral shedding 
High proviral DNA levels in semen have been found to be associated with acute HIV 

infection (Tindall et al., 1992), lower peripheral CD4+ T cells counts (Xu et al., 1997), 

leukocytospermia and recent STD (Atkins et al., 1996; Xu et al., 1997), and vasectomy 

(Krieger et al., 1998). 

Tachet el al. reported that, proviral DNA is detectable in 50% of HIV-1 patients under 

ART, whereas vRNA loads remain undetectable (Tachet et al., 1999). Proviral DNA loads 

can reach 90 copies / 106 cells (Zhang et al., 1998a), and infectious virus can be isolated by 

co-culture from the semen of 18% of treated individuals (Nunnari et al., 2002). 

 

2) The male genital tract is a distinct compartment for HIV replication 

Viral shedding in semen, albeit intermittent, is independent of the viral dynamics in 

blood, and both cell-free and cell-associated virus is found in semen even in patients under 

highly active antiretroviral therapy (HAART) with undetectable viral loads in blood. These 

observations suggest a compartmentalization between MGT and peripheral blood. 

Consistent with this notion, HIV strains in semen evolve separately from the population in the 

blood or other anatomical compartments (Byrn and Kiessling, 1998; Coombs et al., 1998; 

Eron et al., 1998; Ghosn et al., 2004; Gupta et al., 2000; Kroodsma et al., 1994; Pillai et al., 
2005; Ping et al., 2000; Vernazza et al., 1994; Zhu et al., 1996); and infected leucocytes in 

semen produce viral strains that are different from those in blood leucocytes. However, the 
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HIV strain populations in seminal plasma and cellular components differ from each other 

(Ghosn et al., 2004; Paranjpe et al., 2002; Zhu et al., 1996).  

 

It is therefore likely that the MGT is a viral compartment distinct from the blood 

compartment. Viral particles produced locally are under specific selective pressure. The 

variants from seminal plasma differ from those from cellular components, and consequently 

seminal lymphocytes and macrophages cannot be the only producers of the viral particles in 

the seminal fluid: there is presumably another productive source shedding virus into semen, 

for example the infected cells within the male genital tract (Anderson et al., 2010b). It thus 

seems likely that semen cell-free and cell-associated virus may originate from different 

sources within the male genital tract, suggesting that more than one semen-producing organ 

contributes to HIV production (Le Tortorec and Dejucq-Rainsford, 2010). 

3) The male genital tract as a pharmacological sanctuary? 

The term sanctuary is typically used to refer to a site into which there is only limited 

penetration of antiretroviral drugs, and thereby allowing persistent HIV replication (Eisele and 

Siliciano, 2012).  

Several studies indicate that the MGT may constitute a viral sanctuary responsible for 

HIV shedding in semen (Dejucq-Rainsford and Jegou, 2004; Le Tortorec and Dejucq-

Rainsford, 2010). In particular, there appears to be a blood-testes barrier, involving cells 

expressing significant amounts of proteins contributing to efflux pumps, explaining the poor 

penetration of several antiretrovirals into the MGT. The antiretroviral agents affected include 

protease inhibitors like saquinavir, ritonavir and amprenavir (Taylor and Pereira, 2001), and 

NNRTIs like etravirine (Antoniou et al., 2013).  

Therefore, the persistence of viral shedding, whether cell-free or cell-associated virus, 

in the semen of some patients under ART, is an important issue for the development of new 

antiretrovirals and strategies for preventing HIV sexual transmission. 

 

However, other antiretrovirals, like efavirenz, maraviroc, raltegravir and darunavir, 

display a good penetration into the MGT, with concentrations of the free drug (and not the 

total concentrations, which include the protein-bound molecule) in semen that are 

comparable to those in blood (Antoniou et al., 2013; Avery et al., 2011). In most HIV patients, 

HAART successfully suppresses viral shedding in semen such that in these cases, the MGT 

is not an anatomical site of residual replication (Eisele and Siliciano, 2012). 
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C. Semen co-factors influencing HIV mucosal transmission 

Seminal plasma is a fluid containing numerous different proteins, with an average total 

protein concentration of 35 to 55 g/l. Pilch et al. identified 923 proteins by a high-confidence 

proteomic analysis using mass spectrometry (Pilch and Mann, 2006). Most are secreted by 

prostate and seminal vesicles, and display protective activity for spermatozoa and activity 

promoting the oocyte fertilization process. Many seminal proteins, notably mucins and 

antimicrobial factors, have been found to have an anti-HIV activity; on the other hand, some 

seminal plasma components have been reported to facilitate HIV infection. 

 

1) Seminal protein interactions with HIV 

a. Semen-derived Enhancer of Virus Infection 
Münch et al. demonstrated that semen-derived amyloid fibrils enhance HIV infection 

(Munch et al., 2007). Prostatic acid phosphatase fragments, which are present in large 

amounts in human semen (Ronnberg et al., 1981), form fibrils that capture HIV virions and 

promote their attachment to the target cell surface, thereby enhancing the effective infectious 

viral titer by several orders of magnitude. Semen-derived Enhancer of Virus Infection (SEVI) 

is a highly cationic peptide, and its positive charges interact directly with the negatively 

charged surfaces of both target cells and HIV virions, promoting virus attachment and fusion 

with the cell membrane (Roan et al., 2009). 

These observations were made 1) in vitro with several HIV-permissive cell lines and 

primary peripheral blood mononuclear cells (PBMCs), 2) ex vivo with tonsillar tissue explants 

and finally 3) in vivo with transgenic rats expressing human CD4 and CCR5 on their CD4+ T 

cells and macrophages (Munch et al., 2007). SEVI increases HIV infectiousness particularly 

if only few virions are present in the inoculum. Importantly, SEVI activity seems to be donor-

dependent (Kim et al., 2010b).  

 

More recently, the same team identified other cationic peptides in semen which also 

form amyloid fibrils and thereby enhance HIV infection (Roan et al., 2011): fragments from 

the semenogelins, which are abundant proteins in semen, constitute together with fibronectin 

the semen coagulum, a gelatinous structure crucial for fertilization (de Lamirande, 2007; 

Robert and Gagnon, 1999). 
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b. Redox activity of seminal plasma 
Seminal plasma contains large amounts of polyamines which are oxidized by diamine 

oxidase, producing radicals that inactivate HIV-1 (Agarwal and Prabakaran, 2005; Klebanoff 

and Kazazi, 1995). This oxidation process may be increased by contact with vaginal 

peroxidases, produced in situ by the endogenous flora. HIV virions, especially the lipids 

present within the envelope, are particularly sensitive to oxygen radicals (Stief, 2003). 

 

c. Seminal plasma interferes with HIV-1 attachment to dendritic cells 
Sabatté et al. described a potent inhibitor in semen of the attachment of HIV-1 

particles to DC-SIGN in vitro (Sabatte et al., 2007), which is expressed by the mucosal 

dendritic cells resident in the lamina propria. A significant inhibition of HIV-1 capture was 

observed for both R5-tropic BaL and X4-tropic IIIB HIV strains, using seminal plasma 

dilutions as high as 1:10. This component has not been identified yet, but was described to 

have a molecular weight greater than 100 kDa, to be heat stable and resistant to the action 

of trypsin. 

d. Virus opsonization 
Semen from HIV-1-infected individuals contains soluble complement components 

(Bouhlal et al., 2002). Both R5 and X4 strains can activate seminal complement in vitro and 

generate C3 cleavage fragments. Bouhlal et al. demonstrated in vitro that opsonization of 

viral particles with complement enhances HIV-1 infection of T cells, monocytes and 

macrophages, and of the colorectal cell line HT-29.  

 

Antibodies specifically recognizing HIV-1, including neutralizing antibodies, are found 

in semen from infected men, IgG being more abundant than IgA (Belec et al., 1989a; 

Mestecky, 2007; Soderlund et al., 2004; Wolff et al., 1992). It remains unclear whether 

opsonization of seminal HIV-1 particles (Belec et al., 1989a) with antibodies plays a 

protective role (by neutralization or Antibody-Dependent Cell-mediated Cytotoxicity  ADCC) 

or facilitates infection by enhancing virus contact with target cells expressing Fc-receptors, 

such as macrophages and dendritic cells (Lehner et al., 1991). 

 

e. Seminal plasma downregulates surface expression of CD4 on T cells 
Balandya et al. described the presence of a factor in human seminal plasma that 

inhibits the surface expression of CD4 on CD4+ T cells, and both activation and proliferation. 

Moreover, CCR5 is upregulated on seminal plasma-treated T cells, and this may promote the 

preferential transmission of R5-tropic strains (Balandya et al., 2010).  
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However, the T cells used in this study were obtained from peripheral blood, and the 

assays were conducted in vitro, with laboratory adapted HIV-1 strains. In vivo, no down-

regulation of CD4 on semen CD4+ T cells has been observed, and semen T cells have been 

described as displaying an activated phenotype. Therefore, further work is needed to confirm 

whether seminal plasma has any such activities on semen CD4+ T cells and HIV infectivity in 
vivo. 

 

2) Impact of seminal plasma on female genital tract 

a. Neutralization of vaginal pH 
Human semen is weakly basic, with a pH of 7.0 to 8.4 (WHO, 2010). After ejaculation, 

semen increases the pH of vaginal fluid to neutrality or higher pH within 30 seconds and for 

up to 2 hours (Fox et al., 1973; Wolters-Everhardt et al., 1986). Moreover, frequent vaginal 

intercourse without condoms is associated with persistent neutralization of vaginal pH. 

Because HIV-1 free particles and human leukocytes are sensitive to low pH, they are 

susceptible to inactivation by vaginal acidity. Therefore, the buffering action of seminal 

plasma may protect both cell-free and cell-associated virus and enhance HIV infection 

(Doncel et al., 2011). 

 

b. Immune changes on cervico-vaginal mucosa 
Seminal plasma has been described to contain both immunosuppressive 

components (Politch et al., 2007; Robertson et al., 2009), important for human reproduction, 

and pro-inflammatory molecules, which induce an inflammatory reaction within the mucosa 

of the female genital tract (FGT) (Sabatte et al., 2011). Thus, the effects of semen deposition 

in the vaginal lumen are complex and contradictory, and may improve or diminish HIV 

transmission by perturbing the natural equilibrium in FGT (Christopher-Hennings et al., 2008; 

Doncel et al., 2011; Sabatte et al., 2011). 

 

The immunosuppressive action of seminal plasma facilitates the survival of 

spermatozoa in the relatively hostile environment of the vagina by inducing a state of non-

responsiveness to sperm antigens. Indeed, promoting a tolerogenic response to paternal 

alloantigens favors maternal acceptance of the conceptus at implantation and avoids 

allogeneic fetal rejection (Badia et al., 2008; Kelly, 1995, 1997; Politch et al., 2007; 

Robertson et al., 2009; Robertson et al., 2002; Robertson and Sharkey, 2001). 
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The mechanisms underlying the suppression of the immune response within the FGT 

involve, at least in part, the large amounts of TGF-

plasma (Sabatte et al., 2011). Semen contains more active TGF- ml) than do any 

other body fluids, and huge amount of it is in an inactive or latent form (~ 80 ng/ml). This 

latent form can be activated on contact with the acidic pH of the vagina and the enzymes in 

cervico-vaginal secretions (Politch et al., 2007; Robertson et al., 2009; Robertson et al., 
2002; Robertson and Sharkey, 2001).  

The seminal concentration of PgE2 is also very high, reaching levels of 100 µg/ml 

(Harizi and Gualde, 2005).  

 

Both PgE2 and TGF- -regulate the activation of mucosal immune cells, 

including neutrophils, natural killer cells and macrophages. Importantly, these cells when 

activated are involved in the secretion of various antimicrobial molecules. PgE2 and TGF-

induce the differentiation of DCs into a regulatory profile and promote the development of T 

regulatory responses (Boyce, 2008; Harizi and Gualde, 2005; Wan and Flavell, 2007).  

 

The true effects of the immunosuppressive components of seminal plasma on HIV or 

other STD infection have not been investigated, but it is reasonable to speculate that they 

may influence the transmission of pathogens (Kelly, 1995). 

 

Seminal plasma from healthy men contains large amounts of other cytokines and 

chemokines, including pro-inflammatory molecules: SDF- -1, IL-8 at high 

concentrations (medians > 1000 pg/ml), and also Il- -6, IL-13, RANTES and MIP-

edian concentrations < 150 pg/ml) (Politch et al., 2007). Importantly, leukocytospermia 

and HIV-1 infection are associated with higher levels of some of these molecules, including 

RANTES, Il- -6, MIP- -13, and also of other factors, such as TNF- -12 and 

MIP- (Berlier et al., 2006; Politch et al., 2007; Sheth et al., 2005; Storey et al., 1999). 
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These seminal inflammatory molecules have been found to be associated in vitro and 

in vivo with immune inflammatory response induction within the FGT, by: 

 Attracting by chemotaxis immune cells which are targets for HIV, 

including macrophages, DCs and T cells (Berlier et al., 2006; Sharkey et al., 
2012), 

 Stimulating immune cells activation and differentiation (Robertson, 2005; 

Sharkey et al., 2012), 

 Increasing the production of pro-inflammatory molecules by mucosal cells 

(Robertson, 2005; Sharkey et al., 2007; Sharkey et al., 2012). 

 

These immune changes within the exposed mucosa may facilitate HIV infection, by 

increasing the availability of viral target cells in the absence of any pre-existing mucosal 

inflammation. Moreover, the secretion of chemotactic molecules in response to seminal 

factors may promote the transmigration of infected semen leukocytes, thereby increasing the 

risk of HIV transmission. 

 

To conclude this section, it is clear that semen deposition in the vaginal lumen has 

diverse and in some cases contradictory effects on the resident cells of the mucosa. The 

related effects of semen on the rectal mucosa have been less studied, but it is reason to 

suggest that there are many similarities with the effects in the lower FGT. Semen may be 

more than a simple carrier of HIV: it may also act as a facilitator for transmission of both cell-

free and cell-associated virus. Indeed, the infection rate for female macaques vaginally 

inoculated with human seminal plasma prior to the exposure with cell-free virus was higher 

than without pre-treatment with SP (Miller et al., 1994a).  

 

In addition, both immunosuppressive and pro-inflammatory mechanisms are induced 

by semen, which may have consequences both for HIV infection and the local immune 

responses. (Table 1). This may be also true for anti-HIV specific responses which could be 

elicited by vaccination. 
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"Proviral" "Antiviral" 
Inflammation   
 (e.g. prostatitis, urethritis and topical irritants)   
Concurrent infections (viral, bacterial, other STDs   
or pathogens causing inflammation)   
Cytokines: Cytokines (type I IFN) 
   upregulated: IL-6, IL-8, TNF- - - IL-
10)   
   downregulated: IL-2 and IL-12)   
Hormones (PGE) Hormones (DHEA and Estrogens) 
Growth factors (TGF-  Growth factors (TGF-  
Other proteins (SEVI) Other proteins and peptides (e.g. SLPI, lactoferrin,  

 
protegrins3, defensins, lysozyme) 

Complement   
Antibody receptors2 Antibodies 

 

 (e.g. VN4, IgA antibodies to viral non-structural 
proteins) 

 
Enzymes (cystatin C) 

Table 1 : Summary of associations of seminal plasma components 
activity by in vitro and in vivo studies1. Adapted from (Christopher-Hennings et al., 2008). 
1 See text for details and references. 
2 Are found in semen, but it is not known whether they have antiviral effects in semen. 
3 Not known whether present in semen, but are in leukocytes which can be found in semen. 
4 Not known whether present in semen, but antibodies are found in semen and virus-neutralizing antibodies are 
antiviral. 
STDs=sexually transmitted diseases, PGE=prostaglandin E, DHEAS=dehydroepiandrosterone sulfate, SLPI-

1=secretory leukocyte protease inhibitor 1, VN=virus neutralizing. 
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II. Mucosal transmission of HIV 

There are three potential routes of sexual transmission: genital, rectal and oral. 

Evaluating the contribution of the oral route to the dissemination of HIV worldwide is difficult, 

and the available data do not allow the risk of transmission associated with oral sex to be 

accurately quantified. Since 1987, over 40 cases of contamination by HIV have been 

attributed to oro-genital transmission (Rothenberg et al., 1998). The few relevant studies 

conducted to date report contradictory findings. Indeed, some authors describe an increased 

risk of becoming infected for people reporting oro-genital intercourse (Rothenberg et al., 
1998), in particular for receptive oral sex in cases of buccal lesions or cocaine inhalation; 

others report no association between oral sex and an increased risk of HIV transmission (de 

Vincenzi, 1994) (Mastro and de Vincenzi, 1996). Overall, the data suggest that oro-genital 

intercourse is associated with a low transmission rate. Although the risk of HIV transmission 

via oral sex should not be excluded (Belec, 2007), we will focus our work on the two major 

routes of sexual transmission of HIV: genital and rectal. There is substantial recent data 

relevant to exposed MGT, and we will also consider the mechanisms of transmission that 

have been described for the penile route. 

 

A. Diversity in HIV-1 sexual transmission 

1) Different routes of HIV sexual transmission 

The prevalence of each route of sexual transmission differs substantially between 

regions of the world (UNAIDS, 2009). Generally, in developed countries, the largest infected 

populations are Men who have Sex with Men (MSM), mainly exposed through rectal and 

penile (urethral and foreskin) routes (North America, Central Europe, Australia and New 

Zealand, Asia, and the Middle East), whereas in developing countries, genital heterosexual 

transmission is more frequent (Sub-Saharan Africa, Caribbean, and Oceania  except 

Australia and New Zealand) (Figure 7). Nevertheless, there are exceptions: in several 

developed countries including China, and countries of Eastern and Central Europe, 

heterosexual transmission dominates, whereas in developing regions in Latin America and 

North Africa transmission among MSM predominates.  
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Figure 7 : Distribution of HIV incidence by mode of exposure in North America, Sub-Saharan Africa and 
Peru. (A) 50 USA States and District of Columbia, 1977-2006. Source: Hall et al., 2008. (B) Ghana and 

Swaziland, 2008. Source: Bosu et al., 2009 and Mngadi et al., 2009. (C) Peru, estimate for 2010. Source: Alarcon 

Villaverde, 2009. Adapted from UNAIDS 2009 Report (UNAIDS, 2009). 

 

It is generally believed that the risk of transmission is much higher for rectal than 

vaginal intercourse (Mastro and de Vincenzi, 1996) (Vittinghoff et al., 1999) (Beyrer et al., 
2012). Indeed, a recent systematic review and meta-analysis of the risks of HIV transmission 

associated with anal sex reported a 1.4% per-act probability (95% CI 0.2-2.5) (Baggaley et 
al., 2010). This is roughly 18-times larger than estimates for vaginal intercourse (Beyrer et 
al., 2012). Recently experiments with macaques inoculated vaginally or rectally with the 

same amount of SIV generally support these epidemiological data (Chenine et al., 2010).  

 

Epidemiological studies indicate that HIV heterosexual transmission is heterogeneous 

and bidirectional but asymmetric (the male being less frequently infected by an infected 

female partner than the female by an infected male partner), and that risk of transmission per 

intercourse is low (Mastro and de Vincenzi, 1996). Boily et al. in 2009 published a meta-

analysis from a systematic review of 43 publications arising from 25 different study 
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populations, on the risk of heterosexual HIV infection (Boily et al., 2009): a clear distinction 

between high and low income countries was highlighted. In the absence of antiretrovirals and 

excluding sex workers from the analysis, the male-to-female risk was 0.08% per act (95% CI 

0.06-0.11) and female-to-male risk was 0.04% per act (95% CI 0.01-0.14) in high income 

countries; however, the risk was considerably higher in low income countries, with male-to-

female risk of 0.30% per act (95% CI 0.14-0.63) and female-to-male risk of 0.38% per act 

(95% CI 0.01-0.14). Co-factors such as viral load in the infected partner, stage of infection, 

concurrent sexually transmitted disease (STD) and circumcision strongly affect the risk of 

transmission, as described below. 

 

The geographical distribution of modes of sexual transmission (heterosexual versus 

MSM) coincides with the distribution of HIV-1 subtypes of clade M (more than 90% of the 

worldwide HIV infections) (Simon et al., 1998). Indeed, subtype B predominates in Europe 

and USA, where homosexual and drug use-related HIV transmission predominates, whereas 

subtypes A, C, D and E circulate mostly in Africa and Asia where heterosexual transmission 

is more frequent (Piot, 2002; Walker et al., 2005). 

 

Thus, sexual transmission of HIV is characterized by a diversity of infection routes 

and, in general, low efficiency. HIV is one of the largest pandemics to affect the human 

population, with a worldwide distribution and localized high prevalence in sexually active 

populations. This clearly indicates that other factors must influence virus transmission; many 

such factors have been described. Understanding how HIV crosses the mucosa and 

establishes systemic infection is crucial for the design and development of efficient 

prophylactic strategies.  

 

2) Diversity of sexually exposed mucosa 

The genital and gastrointestinal tracts are characterized by a diversity of mucosal 

types, with various types of epithelial surface, resident immune components and vulnerability 

to both HIV infection and other pathogens (Figure 8). All mucosal tissues display a common 

basic architecture: an epithelial layer at the interface with the external environment, which 

rests on a thin layer of connective tissue named the lamina propria, containing many immune 

cells and capillaries. Under the mucosa layer, the submucosa is a loose connective tissue, 

with abundant blood and lymphatic vessels, and attaches the mucosa to the muscularis 
mucosae, itself bounded by the serosa. 
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Figure 8 : Different types of sexually exposed mucosa. Adapted from Iwasaki, 2010. 

 

Mucosal surfaces differ from each other by the type of epithelium covering them: 

single-layer columnar epithelium (type I mucosa) and multilayered squamous, keratinized or 

not, epithelium (type II) are found in both the MGT and FGT, and in ano-rectal region (Table 

2) (Iwasaki, 2010).  

 

Moreover, type I and type II mucosa differ with respect to immune cell composition 

and the presence (type I) or the absence (type II) of mucosal-associated lymphoid tissues 

(MALTs), and of IgA transport mechanisms. 
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Table 2 : Comparison of the genital and ano-rectal mucosae. Adapted from (Iwasaki, 2010). 

 

To understand how HIV and SIV penetrate mucosal tissues, the detailed structure of 

each type of mucosa needs to be understood. 

 

3) Structure of the different sexually exposed mucosas 

c. Female genital tract 
The internal FGT is made up of a lower part (introitus, vagina, ectocervix) and an 

upper part (endocervix, uterus, Fallopian tubes and ovaries) (Figure 9). During sexual 

intercourse, the exposed area is in the lower FGT, and the upper FGT remains isolated from 

the external environment.  
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Figure 9 : Anatomy and histology of lower FGT. Adapted from (Dinh et al., 2012b) and (Hladik and McElrath, 

2008). 

 

The vaginal and ectocervical mucosa have a multilayered squamous epithelium 

made up of 20-45 layers of cells (Robboy, 1992), with a mean thickness of 200-300 µm in 

humans (Ildgruben et al., 2003) and 80-250 µm in macaques (Poonia et al., 2006) (Figure 

10). It is composed of four zones: a single layer of basal cells (stratum basale), with dividing 

germinal cells which constantly generate new epithelial cells, and overlying layers of spinous 

cells (stratum spinosum) and granular cells (stratum granulosum). As epithelial cells migrate 

upwards from the stratum basale, they become flattened and keratinized, with small pyknotic 

nuclei, forming the stratum corneum (Dinh et al., 2012b; Robboy, 1992). Intercellular 

desmosomes and amorphous lipoidal material within the stratum corneum and stratum 
granulosum restrict passive diffusion of molecules into the deeper layers of the epithelium 

(Blaskewicz et al., 2011; King, 1983a; Shattock et al., 2000).  

  



39 
 

 

 

Figure 10 : Structure of a multilayered squamous epithelium. Adapted from (Hearnden et al., 2012). 

 

NHP models, and in particular rhesus and cynomolgus macaques, have, because of 

the histological similarities with the human lower FGT, been extensively used for the study of 

HIV cervico-vaginal transmission (Haase, 2005). However, there are several differences 

between human and macaques. The human cervico-vaginal epithelium has been described 

as not being keratinized (Pudney et al., 2005) or a displaying a lack of cornification (Dinh et 
al., 2012b), and several authors report that the macaque cervico-vaginal epithelium is much 

more keratinized than that in women (Ma et al., 2001; Poonia et al., 2006; Wood, 2008). 

 

There is controversy over the influence of the menstrual cycle on the thickness of the 

cervico-vaginal mucosa. Several authors report that the vaginal epithelium of women or 

female macaques is thicker during the follicular phase (Keele and Estes, 2011; King, 1983b; 

Ma et al., 2001; Wood, 2008), whereas other studies found no such differences (Ildgruben et 
al., 2003). Poonia et al. report that the vaginal epithelium in mature cycling female rhesus 

macaques was thinner during menses (Poonia et al., 2006).  

 

The area of the cervix that defines the abrupt transition between ecto- and endocervix 

is referred as the transformation zone. The epithelium at this zone has a single layer of 

columnar cells that covers the endocervix and uterus (Figure 3). This thin epithelial barrier 

is covered with large amounts of cervical mucus, secreted by epithelial cells; its viscosity 

changes during the menstrual cycle (Lai et al., 2009). The transformation zone and 

endocervix are generally believed to be the major zones of entry for HIV, because of the thin 

epithelial surface, the abundance of target cells and the presence of lymphoid aggregates 

within the submucosa (Alexander, 1990; Moench et al., 2001; Pudney et al., 2005). However, 

hysterectomized women and female macaques lacking a cervix and uterus, can be infected 

demonstrating that HIV transmission can occur through the vaginal mucosa (Kell et al., 1992; 

Miller et al., 1992a). 

  



40 
 

d. Exposed mucosa of the male genital tract 
The nature of the penile mucosal tissues exposed to cervico-vaginal or rectal 

secretions during sexual intercourse is variable.  

 

In non circumcised men, approximately 70% of the male population worldwide 

(Organization/UNAIDS, 2007), the foreskin, a loose fold of skin, covers the glans/corona and 

the urinary meatus (the opening of urethra). During sexual intercourse, foreskin is pulled 

back to expose the glans. The foreskin is divided into two regions (Figure 4b): the inner 

foreskin, directly in contact with the glans/corona and delimitating the moist subpreputial 

cavity, and the outer foreskin. Both zones of the foreskin and the subpreputial cavity covering 

the glans have a type II keratinized squamous epithelium; the inner foreskin and glans 

(Anderson et al., 2011; Hladik and McElrath, 2008). It is generally 

believed that the outer foreskin has a highly keratinized epithelium, similar to skin tissue, 

whereas the inner foreskin epithelium is thinner and less keratinized (Anderson et al., 2011; 

Fussell et al., 1988; Ganor and Bomsel, 2011; Iwasaki, 2010; McCoombe and Short, 2006; 

Patterson et al., 2002). However, recent studies reported either no difference in keratinization 

between inner and outer foreskin (Dinh et al., 2012a; Dinh et al., 2010; Dinh et al., 2012b), or 

more keratinization of the inner foreskin than outer foreskin epithelium (Qin et al., 2009).  

 

The penile urethral mucosa is also exposed to cervico-vaginal or rectal secretions 

during sexual intercourse. The meatus is covered by a keratinized stratified squamous 

epithelium; the zone of transition between the meatus and urethra, the fossa navicularis, has 

a non keratinized stratified squamous epithelium, and the urethral mucosa is lined with a 

pseudostratified columnar epithelium (Anderson et al., 2011). 

 

Miller et al. reported in 1998 that SIV can be transmitted to male macaques through 

exposure of intact foreskin and glans (Miller, 1998). Dinh et al. described many histological 

similarities between the penile tissues of macaques and human, making NHP good models 

for studying the mechanisms of HIV transmission via penile inoculation (Dinh et al., 2012b). 
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e. Structure of ano-rectal mucosa 
The anal canal is lined by a type II stratified squamous epithelium. The anorectal 

junction at the end of the anal canal is an anatomic zone similar to the cervical 

transformation zone (see above). The rectal mucosa is part of the gastrointestinal tract and 

shares its type I, single layer columnar epithelium characteristics (Hladik and McElrath, 2008; 

Iwasaki, 2010; Keele and Estes, 2011) (Figure 11). 

 

 

Figure 11 : Structure of rectal mucosa. Adapted from The Human Protein Atlas (www.proteinatlas.org). 

 

NHP models have been used to study HIV rectal transmission. Macaques can be 

infected by a single, atraumatic rectal inoculation of either SIVmac251 (Couedel-Courteille et 
al., 1999; Couedel-Courteille et al., 2003; Le Grand, 1993; Pauza et al., 1993) or R5- or X4-

tropic SHIV strains (Aubertin et al., 2000; Verrier et al., 2002). The structure of the macaque 

intestinal mucosa and the organization of the lymphoid system associated to the intestinal 

tract seem both to be very similar to those in humans (Butor et al., 1996; Vajdy et al., 2000).  
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B. Mechanisms of HIV-1 mucosal transmission 

During sexual intercourse, contaminated genital or rectal secretions from the infected 

partner, containing HIV in both cell-free and cell-associated forms (Coombs et al., 2003; 

Pilcher et al., 2004; Quayle et al., 1997), come into contact with the mucosa of the uninfected 

partner. Like all tissues exposed to the external environment, mucosal tissues are protected 

by various chemical and physical barriers. Nevertheless, the virus can overcome these 

barriers and infect target cells in mucosal tissues. I will first describe these barriers, the 

nature and distribution of the various types of mucosal target cells and then the various 

mechanisms of crossing the epithelial surface that have been described. 

 

1) Mucosal barriers 

The risk of transmission of HIV associated with any single sexual act is low. This 

indicates that the barriers at the mucosa most often succeed in blocking HIV.  

 

a. Epithelial physical barrier 
The most exposed mucosa during sexual intercourse (with the exception of rectal 

intercourse) have a multilayered stratified epithelium with various degrees of keratinization. 

An intact mucosa is generally an effective barrier against pathogens and irritants. The 

efficacy of a thick multilayered epithelium to block, at least partially, HIV has been shown 

indirectly: female macaques treated with progesterone, which causes substantial thinning of 

the vaginal epithelium, are very much more susceptible than controls to SIV (Marx et al., 
1996).  

 

The uterine and endocervical, rectal and urethral epithelia, each with only a single 

layer of columnar cells, are considered to be more vulnerable to pathogens, such as 

Chlamydia trachomatis, Neisseria gonorrhoeae and HIV (Fu, 1989; Robboy, 2001). The ano-

rectal submucosa is highly vascularized by the fragile venous hemorrhoid system (Rouvière, 

1978), such that it is a particularly fragile zone, liable to be breached during anal intercourse.  

 

Various cellular structures participate in constituting and maintaining epithelial 

barriers. Intercellular junctions (ICJ), formed by desmosomes, adherens and tight 

junctions, contribute to the epithelial architecture by ensuring epithelial cells stick together, 

without preventing vital exchanges between cells. They also prevent toxins and pathogens 

from entering the underlying vasculature and immune systems (Anderson et al., 2004; 



43 
 

Guttman and Finlay, 2009; Niessen, 2007) (Figure 12). These junctions are considered to be 

major actors in the maintenance of epithelial protective barrier function. Importantly, 

intercellular contacts can be quite loose within a squamous epithelium, but are tight within 

the columnar epithelium (Belec, 2007). 

 

A recent study compared the expression of molecules involved in the formation of 

desmosomes (desmogleins 1/2) and adherens junction (E-cadherin) in the stratified epithelia 

of the MGT and FGT in humans and macaques (Dinh et al., 2012b). They were expressed in 

all tissues studied, although expression patterns differed: E-cadherin expression was similar 

in male and female epithelia, desmogleins 1/2 were more abundant in the superficial-most 

layers of the female than male genital stratified squamous epithelia genital epithelia. Similar 

differences between male and female macaque tissues were found.  

 

 

Figure 12 : Structure of intercellular junctions, from the model of intestinal type I epithelium. Adapted from 

(Guttman and Finlay, 2009). 

 

Cornification of keratinized cells within the stratum corneum is thought to play a 

large, if not the largest, role in epithelial selective barrier function, by retaining moisture and 

nutrients within the mucosal layer and keeping pathogens out (Candi et al., 2005; Dinh et al., 
2012b). Filaggrin and involucrin are proteins central to the establishment of the stratum 
corneum: filaggrin by aggregating keratin filaments and flattening epithelial cells as they 

differentiate outwards (McGrath and Uitto, 2008); involucrin by acting as a scaffold to which 
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proteins and lipids bind as they form the outermost layers (Banks-Schlegel and Green, 1981; 

Candi et al., 2005). Dinh et al. compared their expression in female and male GT. Involucrin 

was found to be similarly abundant in all tissues studied. However, filaggrin was not or was 

only very weakly expressed in the female stratum corneum, whereas strong expression was 

found in the external male genital epithelia. 

b. Mucus 
Mucus is a viscous colloid secretion produced by, and covering, mucosal membranes. 

It is secreted by goblet cells in the type I epithelia and by specialized epithelial cells in the 

type II epithelia. It is mostly made up of water and mucins that are heavily glycosylated 

proteins, the main characteristic of which is the ability to form gels. A major function of mucus 

is to trap microorganisms and pollutants, thereby protecting the underlying epithelium.  

 

HIV-1 is a fragile virus that cannot long survive at ambient or even physiological 

temperatures outside cells. Therefore, it has been suggested that its infectivity may be 

significantly decreased if mucus slows viral penetration (Grivel et al., 2011). It has been 

shown that human and macaque cervico-vaginal mucus efficiently traps free HIV particles, 

such thattheir mobility is up to 1,000 fold lower than that in water (Lai et al., 2009; Miller et 
al., 2005)(Tom Hope, unpublished data).  

 

The composition of mucus can differs between localizations and types of the 

underlying mucosa. 

 

Female genital tract mucus. Over 13 different mucins are secreted in cervico-vaginal 

mucus, and the pattern depends on the site and stage of the menstrual cycle. MUC 1, 4, 

5AC, 5B and 6 are expressed by the endocervical epithelium, MUC 1 and 4 by the ectocervix 

and the vagina, and MUC 1 and 6 by the endometrium (Gipson et al., 1997; Hickey et al., 
2011). The viscosity and composition of cervico-vaginal mucus varies substantially during the 

menstrual cycle (Hickey et al., 2011). Sex hormones have contradictory effects: in both 

humans and female macaques, estradiol generally induces a more profuse, watery and 

alkaline mucus that facilitates passage of sperm during the proliferative stage and ovulation, 

whereas progesterone induces more viscous and acidic mucus inhibitory to sperm during the 

luteal stage (Iacobelli et al., 1971; Nasir ud et al., 1982).  

 
Male genital tract mucus. Russo et al. recently profiled mucin gene expression in the 

male genital tract (Russo et al., 2006). RNA for eight mucin genes, including the gel-forming 

mucin 5AC, was detected in human foreskin tissue, and two mucin proteins, MUC 1 and 4 
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were detected. The urethral epithelium was found to express MUC 1, 3, 4, 13, 15, 17 and 20, 

and MUC5AC was detected in urethral glands. Interestingly, MUC 1 binds strongly to DC-

SIGN, a transmembrane protein expressed by some of the HIV target cells in mucosal 

tissues (see below), and thereby prevents viral capture and transfer to CD4+ T cells 

(Saeland et al., 2009). Seminal MUC6 has been shown to bind DC-SIGN and thus block viral 

transfer between dendritic cells and CD4+ T cells (Stax et al., 2009).  

Ano-rectal mucus. The rectal mucosa produces large amounts of mucus that is 

continuously deposited into the lumen (Corazziari, 2009; Swidsinski et al., 2007). In 

particular, MUC, 3, 4, 5B, 11 and 12 are secreted by goblet cells of the colorectal mucosa. 

This mucus has been described to be an effective barrier, protecting the epithelial surface 

from direct contact with the intestinal bacterial microflora. Importantly, under inflammatory 

conditions, breaches develop in this chemical barrier and the mucus layer then fails to 

prevent bacterial colonization at the epithelial surface (Corazziari, 2009; Swidsinski et al., 
2007). 

 

c. Antimicrobial factors 
In addition to mucins, mucosal secretions contain different proteins with antimicrobial 

activity, including against HIV.  

 

Secretory leukocyte protease inhibitor (SLPI) is an extra-cellular component of 

innate immunity and contributes to inhibiting infection by pathogens and to reducing 

inflammation. It is found in many bodily secretions, including cervico-vaginal, penile and 

rectal secretions. This molecule has an anti-HIV activity, notably by preventing the infection 

of macrophages and T cells (Ma et al., 2004; McNeely et al., 1997). Recently, a study 

demonstrated that SLPI-pretreated monocytes have the potential to down-modulate human 

CD4+ T cell proliferation, with implications for immune activation and inflammation (Guerrieri 

et al., 2011). 

 

Lactoferrin and lysozyme are commonly found in most secretions, and have been 

described to restrict HIV infectivity by disrupting adsorption and penetration of the virus into 

CD4+ T cells (Berkhout et al., 2002).  

 

Small human neutrophil peptides, present in mucosal secretions, for example - 
-defensins and LL-37 cathelicidin, display anti-HIV activity by disrupting viral 

particles or altering target cells for infection (Bergman et al., 2007; Chang et al., 2005; 
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Levinson et al., 2009; Quinones-Mateu et al., 2003). LL- -

defensin production by neutrophils (Zheng et al., 2007). 

 

The DMBT1 gene encodes a number of factors expressed at mucosal surfaces. A 

recombinant fragment of DMBT1 has been shown to bind gp120 and thus agglutinate HIV, 

resulting in the clearance of the virus (Wu et al., 2006). However, the interaction between 

DMBT1 and gp140 has been associated with transcytosis of HIV-1 from the apical to the 

basolateral side of epithelial cells, which may enhance HIV-1 transmission (Stoddard et al., 
2009). 

 

Cationic polypeptides present in cervico-vaginal secretions display in vitro anti-HIV 

replication activity (Venkataraman et al., 2005).  

 

Complement components are present in genital secretions, produced locally mostly 

by epithelial cells (Jensen et al., 1995; Vanderpuye et al., 1992), and are found as native 

forms. Complement is activated in cascade by genital infection (D'Cruz and Haas, 1990). 

Interestingly, this component of the innate immune response may paradoxically increase the 

risk of HIV infection. Opsonized HIV can escape from lysis and highjack this mechanism of 

defense to make close contact with target cells, especially dendritic cells (Bouhlal et al., 
2007; Scofield, 1998). 

 

The menstrual cycle has been reported to influence the expression of several 

-defensin 2 levels in cervico-

vaginal secretions decline 10 to 100-fold at midcycle, and then rise toward the end of the 

menstrual cycle (Wira and Fahey, 2008). 

 

d. IgG and IgA 
Natural antibodies, S-IgA, -IgG and -IgM, are secreted in many bodily fluids, including 

genital and rectal secretions (Dighiero et al., 1982; Guilbert et al., 1982; Quan et al., 1997). 

They originate both locally and systemically and are poly-specific, recognizing several 

different epitopes, mostly auto-antigens. However, their poor avidity for antigens limits their 

efficacy and they do not completely block pathogens. These antibodies form a pre-immune 

defense system, which is specific to mucosal tissues and pre-exists any contact with 

infectious agents. It provides permanent vigilance, responding very quickly, if not 

immediately, to microbial aggression. 
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In cervico-vaginal secretions, S-IgG are generally more abundant than S-IgA, which 

are more abundant than S-IgM, although some studies have reported contradictory results 

(Belec, 2007) (Table 3). Antibody concentrations vary during the menstrual cycle and with 

aging (Kutteh et al., 1990; Mestecky and Jackson, 1994; Schumacher, 1988). The total 

concentration of cervical immunoglobulins increases after ovulation, and is highest during the 

luteal phase (Davis et al., 1983).  

In contrast, S-IgA predominate in rectal secretions, and Anderson et al. detected more 

IgA- and IgM-producing than IgG-producing plasma cells in penile mucosal tissue (Anderson 

et al., 2011). S-IgA and S-IgM are mostly present as polymeric forms, secreted by 

specialized plasma cells present in the lamina propria. These secretory Ig are transported 

through the epithelial surface to the lumen using the secretory component pIgR, expressed 

by epithelial cells. 

 

 

Table 3 : Comparative immunological features of the human female and male genital tracts and intestinal 
tract. Adapted from (Mestecky, 2007). 
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Three different mechanisms of pathogens elimination by secretory Ig have been 

described (Figure 13): 

 By binding to pathogens present in the lumen, the Ig form immune complexes 

that are trapped and eliminated by the mucus: this is called the immune 
exclusion mechanism (Belec, 2007).  

 The IgA-joining chain-polymeric-immunoglobulin receptor (pIgR) complex 

mediates intracellular neutralization of pathogens that have invaded 

epithelial cells (Strugnell and Wijburg, 2010).  

 Dimeric IgA participate in the excretion of antigens from the lamina propria 

by binding and transporting them to the luminal surface of epithelial cells. 

 

 

Figure 13 : Protection of the mucosal surface by secretory immunoglobulins through immune exclusion, 
intracellular neutralization or antigen excretion. Adapted from (Strugnell and Wijburg, 2010). 

 

Finally, the transport of immune complexes through the mucosal epithelium, and 

thereby the passage of the virus across the epithelial barrier, can be also triggered by the 

MHC class I related Fc receptor, FcRn. In humans, FcRn is detected in both fetal and adult 

intestines and can mediate bidirectional transcytosis of Ig across the intestinal epithelium in 
vitro and in vivo (Dickinson et al., 1999; Israel et al., 1997; Shah et al., 2003; Yoshida et al., 
2004). FcRn therefore continues to play a significant role beyond the neonatal period, 

especially in mucosal immune surveillance and adaptive immunity (Kuo et al., 2010). 
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Ig may significantly affect HIV transmission, as further detailed in chapter I.C. 

 

e. Endogenous flora 
Every mucosal tissue has a commensal flora associated with its surface. This flora 

makes an important contribution to maintaining epithelial homeostasis and integrity (Iwasaki, 

2010). 

 

The normal human vaginal flora is predominantly composed of Lactobacillus species, 

which carry out key functions for the female host (Antonio et al., 1999; Fredricks et al., 2005; 

Schlievert et al., 2008). Vaginal hydrogen peroxide-producing lactobacilli inhibit the 

outgrowth of harmful bacteria, particularly those causing bacterial vaginosis. Moreover, 

lactobacilli maintain an acidic pH (pH 3.8-4.0) in the cervico-vaginal secretions by producing 

lactic acid. Cervico-vaginal mucus acidity changes during the menstrual cycle, with a slightly 

basic pH during the pre-ovulatory phase (7.3  8.0), which decreases during ovulation (5.5  

6.5) (Belec, 2007).  

The generally acidic vaginal pH plays a role in protecting against pathogens, including 

HIV, HSV-2, Haemophilus ducreyi and Chlamydia trachomatis (Croughan and Behbehani, 

1988; Klebanoff and Coombs, 1991; Martin et al., 1999; Sturm and Zanen, 1984). In addition 

to acidifying the vaginal pH, vaginal lactobacilli produce copious amounts of H202, which is 

toxic for HIV, as demonstrated in vitro by Klebaniff and Coombs (Klebanoff and Coombs, 

1991). Olmsted et al. demonstrated in vitro that low pH immobilizes and kills human 

leukocytes, thereby also preventing cell-associated HIV vaginal transmission (Olmsted et al., 
2005). However, semen, which is basic, buffers vaginal acidity after ejaculation (see chapter 

II). 

The normal rhesus macaques vaginal flora differs from the normal human flora, and 

shows similarities to the human bacterial vaginosis, with a predominance of species like 

Streptococcus, Peptoniphilus, Gardnerella-like organisms, and other Corynebacterium 

species over the Lactobacillus species (Doyle et al., 1991; Spear et al., 2010). In contrast, 

the vaginal flora of cynomolgus and pig-tailed macaques is closer to the normal human 

genital microbiota (Moore and Shattock, 2003; Patton et al., 2001; Patton et al., 1996; 

Veazey, 2008). 

 

Wira and Fahey reported that the general assumption that the upper FGT is sterile is 

a misconception (Wira and Fahey, 2008). Indeed, this zone is continuously exposed to 

commensals and pathogens present in the lower FGT. However, there have been no 

rigorous studies of the commensals present above the cervix. Moreover, this hypothesis 
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remains controversial. Indeed, Louissaint et al. recently described that the distribution within 

the human FGT of both human lymphocytes and colloid particles (mimicking HIV particles) 

after vaginal inoculation was similar between the two surrogates and limited to the lower FGT 

(Louissaint et al., 2012). 

 

A recent study (Price et al., 2010) reported the presence of 42 bacterial families in the 

penile microbiota, with Pseudomonadaceae and Oxalobactericeae being the most 

abundant irrespective of circumcision status. Circumcision was associated with a significant 

decrease in the prevalence of anaerobic bacterial families. The moist subpreputial cavity in 

non circumcised men harbors an anaerobic microflora, similar to that described for bacterial 

vaginosis, and which has been associated with pro-inflammatory effects on epithelial immune 

components.  

 

There are extensive descriptions of how the gut commensal flora is essential for 

mucosal homeostasis, by shaping intestinal immune responses (Hooper and Gordon, 2001) 

and participating in epithelial cell turnover and integrity (Rakoff-Nahoum et al., 2004). More 

than 1,000 species of bacteria are estimated to live in human gut (Qin et al., 2010). 

 

f. Cytokines and chemokines 
The exposure of mucosal epithelial and immune cells to pathogens induces the 

production of cytokines and chemokines, including type I and II interferons (IFN). These 

agents have antiviral effects, by modifying both HIV replication, and the infection of other 

cells (Farrar and Schreiber, 1993; Godaly et al., 1997; Merolla et al., 1995). 

 

SDF-I and RANTES, are ligands of the HIV-1 co-receptor CXCR4 and MIP-

are ligands of the HIV-1 co-receptor CCR5. These molecules are produced in response of 

pathogens by many different cell types, including epithelial cells and immune cells like -T 

cells, cells which are abundant in genital and rectal mucosa. By binding and down-

modulating their respective receptors, chemokines can act as competitors for HIV, and block 

its transmission to target cells (Agace et al., 2000; Cocchi et al., 1995; Lehner et al., 2000; 

Lehner et al., 1996). 

 

However, pro-inflammatory molecules secreted in response to HIV by mucosal cells 

may have opposite effects, by attracting virus target cells to the site of infection, and thereby 

favoring viral replication and propagation (Anderson et al., 2010a; Li et al., 2009). 
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To conclude, genital and rectal epithelia constitute a physical barrier, and their 

secretions contain many antimicrobial molecules showing anti-HIV activity. These 

phenomena undoubtedly play a role in limiting infection events. However, several external 

factors, such as sex hormones and impregnation during the menstrual cycle, influence many 

shield against pathogens is weakened. Moreover, HIV may highjack some of these natural 

defenses as infection facilitators, and bypass other factors to transmit infection.  

 

2) Mucosal HIV-1 target cells and associated mechanisms of transmission 

Various types of mucosal cells are susceptible to HIV infection, or can be used as 

get cells, mainly CD4+ T cells, 

macrophages and dendritic cells (DC). There have been many studies on human tissues and 

animal models that have helped identify these target cells, and thereby elucidate the 

mechanisms by which HIV can be transmitted.  

 

Mucosal HIV target cells express CD4, the receptor for HIV, CCR5, one of its major 

co-receptors; the expression of another co-receptor, CXCR4 is more heterogeneous 

(Patterson et al., 1998; Veazey et al., 2003; Zaitseva et al., 1997). Alternative co-receptors, 

including CXCR3, CCR4 and CCR6 (Monteiro et al., 2011; Pollakis and Paxton, 2012; Wang 

et al., 2009) and C-type lectins (Hirbod et al., 2010; Hirbod et al., 2011; Hirbod et al., 2009; 

Shen et al., 2010), are also expressed by mucosal T cells and antigen-presenting cells. Their 

localization and relative abundance vary according to the type of mucosa (type I versus type 

II) and the nature of the tissue (genital versus intestinal). 

 

a. Epithelial cells 
Mucosal epithelial cells are the first cells exposed to the virus. Numerous in vivo, ex 

vivo and in vitro studies have reported contradictory results about their role in HIV 

transmission.  

 

It has been described that epithelial cells in vitro and ex vivo can transport virions from 

apical to baso-lateral poles via transcytosis (Bomsel, 1997; Bomsel and Alfsen, 2003). This 

process is triggered by viral attachment and interaction with adhesion molecules on the cell 

surface: sulfated lactosylceramide (Furuta et al., 1994), galactosylceramide (Dezzutti et al., 
2001; Yeaman et al., 2004), syndecans (Bobardt et al., 2007; Wu et al., 2003), glycoprotein 
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340 (Stoddard et al., 2007), LFA-1 integrin and its receptor ICAM-1 (Alfsen et al., 2005; 

Bobardt et al., 2007; Bomsel, 1997). 

 

Some genital epithelial cell lines express CCR5 and CXCR4 only weakly (Bobardt et 
al., 2007). Colorectal epithelial cells express CXCR4, but not CD4, making them theoretically 

susceptible to CD4-independent infection (Chenine et al., 1998; Delezay et al., 1997). 

However, in vivo observations reveal that genital epithelial cells do not express CD4, or the 

classical co-receptors for HIV (CCR5 and CXCR4), preventing their involvement in 

productive infection (Dezzutti et al., 2001; Patterson et al., 1998).  

 

Except for the very few studies describing the presence of infected epithelial cells in 

the gut of HIV+ patients (Heise et al., 1991; Kotler et al., 1991), none of the in vivo studies in 

animal models or involving human genital organs in HIV+ patients, confirmed the data 

obtained in vitro and ex vivo (Greenhead et al., 2000; Shattock and Moore, 2003; Spira et al., 
1996). The current literature indicates that there is no productive infection of epithelial cells. 

However, these cells may play a role in HIV transmission through transcytosis mechanisms. 

 

b. Dendritic cells 
Mucosal tissues contain various types of dendritic cells (DCs), mostly stromal DCs 

and Langerhans cells. They are immature and specialized in antigen capture. After having 

sensed antigens, they migrate to regional lymph nodes (LNs) to cross-present the antigens 

and initiate immune adaptive responses. Several studies with NHP demonstrate that DCs 

may play an important role in mucosal transmission and dissemination of HIV (Hu et al., 
2000; Pope and Haase, 2003; Shattock and Moore, 2003; Spira et al., 1996). HIV can 

subvert DC functions to evade immune responses and to gain access to its major target 

cells: CD4+ T cells (Blanchet et al., 2011).  

 

Stromal DCs are abundant in the lamina propria of columnar epithelia (Patterson et 
al., 1998; Veazey et al., 2003). They express the C-type lectin DC-SIGN (DC-specific 

intercellular adhesion molecule-grabbing non-integrin). These cells can capture HIV virions 

by interaction with DC-SIGN, internalize the particles without inactivating them and cross-

present intact viral particles to other immune cells. Virions can also remain attached to DC-

SIGN at the cell surface (Figure 14). In both conditions, DCs are able to transmit infection to 

target cells via cell-to-cell interaction (trans-infection). 
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DCs can also be infected by HIV, via the interaction of the virus with CD4 and CCR5, 

fusion and entry into the cytosol (Cunningham et al., 2010; Piguet and Steinman, 2007; 

Wang et al., 2007). Infected stromal DCs are found in the lamina propria of the vaginal 

mucosa of macaques inoculated vaginally with SIV (Spira et al., 1996). HIV replication in 

DCs is generally less productive than that in CD4+ T cells (Kawamura et al., 2003; Pope et 
al., 1995; Steinman et al., 2003) and the proportion of HIV-infected DCs in vivo is often 10- to 

100-fold lower (McIlroy et al., 1995). However, infected DCs can efficiently transmit newly 

produced particles to CD4+ T cells or other target cells (cis-infection). 
 

 

CD1a+ Langerhans cells (LCs) are present in all stratified squamous epithelia, 

including those of the ectocervix, vagina (Miller et al., 1992b), penile meatus (Pudney and 

Anderson, 1995) and foreskin (Anderson et al., 2011; McCoombe and Short, 2006). LCs 

have a sentinel role, by detecting pathogen invasion and/or damage of the epithelial surface. 

These DCs respond to danger signals which trigger their migration to the draining LNs where 

they can function as antigen cross-presenting cells (Romani et al., 2001). LCs have dendrites 

that extend and retract through the intercellular spaces (Nishibu et al., 2006), and may in 

some cases reach the epithelial surface (Miller et al., 1992b).  

 

Langerin, a C-type lectin specific to LCs, is able to fix HIV particles on the surface of 

LCs; the resulting induced internalization leads to Birbeck granules, where the internalized 

particle is degraded (de Witte et al., 2007). In contrast, mannan, a mannose polymer that 

binds to C-type lectins including langerin, does not significantly block HIV-1 binding or 

endocytosis by LCs, suggesting that HIV-1 largely bypasses langerin. This indicates the 

existence of alternative endocytic pathways, in which the virus is not degraded and therefore 

permitting virus transmission in trans (Hladik et al., 2007) (Figure 14).  

 

In vivo studies using vaginal tissues of HIV+ patients (Bhoopat et al., 2001) and ex 
vivo experiments with human vaginal explants (Hladik et al., 2007) showed that LCs can 

harbor HIV/SIV p24 protein and internalize HIV/SIV virions.  

Many authors have suggested, based on the natural role of LCs and in vivo evidence, 

that LCs internalize HIV-1 virions in non-lytic endocytic compartments and transport them to 

NLs for cross-presentation (Ganor et al., 2010; Hladik et al., 2007). This may be a major 

pathway for HIV transmission to CD4+ T cells in trans, independent of productive infection.  

The ability of epithelial LCs to produce and release de novo HIV-1 virions, and thereby 

to transmit infection in cis remains uncertain. Infected LCs have been detected by in situ 
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hybridization in the vaginal epithelium in SIV+ macaques suggesting a productive infection 

(Hu et al., 2000; Hu et al., 1998).  

 

 

Figure 14 : LCs and DC-SIGN+ DCs interact differently with HIV-1. Adapted from (de Witte et al., 2008). 

 

c. CD4+ T cells 
CD4+ T cells are found in all mucosal tissues, mostly in the lamina propria beneath 

both types of mucosal epithelia, but also within squamous epithelia; nevertheless, most intra-

epithelial T cells are CD8+ T cells (Anderson et al., 2011; Ganor et al., 2012; McCoombe and 

Short, 2006; Pudney and Anderson, 1995). The majority of CD4+ T cells are memory T cells 

displaying high levels of CCR5 expression (Hladik et al., 1999; Hladik et al., 2007; Prakash et 
al., 2001; Zhang et al., 1998b).  

 

Studies in vivo and ex vivo studies have demonstrated that intraepithelial and lamina 
propria resident CD4+ T cells can be infected by HIV. NHP studies indicate that CD4+ T cells 

are the major cell type infected after vaginal inoculation of SIV (Hu et al., 2000; Spira et al., 
1996; Veazey et al., 2003; Zhang et al., 1999b). Mucosal CD4+ T cells are rapidly depleted 

following intravenous inoculation of macaques with SIV, illustrating their high susceptibility to 

infection in vivo (Joag et al., 1997; Picker and Watkins, 2005; Veazey et al., 2003). 
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d. Macrophages 
Macrophages are found in the lamina propria of all the tissues, described above as 

being involved in the sexual transmission of HIV: cervix and vagina (Miller et al., 1992b), 

foreskin and urethra (Anderson et al., 2011), and ano-rectal mucosa.  

 

In vitro, macrophages can trap intact virions through syndecans or even without 

specific envelope-receptor interactions through micropinocytosis (Marechal et al., 2001; 

Saphire et al., 2001). Once captured, HIV-1 can be archived intact for days, and then 

transmitted to T cells in trans (Groot et al., 2008; Sharova et al., 2005). This mechanism may 

play an important role in virus dissemination. Macrophages express DC-SIGN on their 

surface, suggesting that DC-SIGN might also favor HIV trans-infection by macrophages (Lee 

et al., 2001; Soilleux et al., 2002). As observed for DCs, infected macrophages can transmit 

HIV-1 to CD4+ T cells through the virological synapse (Groot et al., 2008). 

 

The presence of infected macrophages has been described in the genital tract and the 

gut lamina propria of macaques infected with SIV and in human explants (Collins et al., 2000; 

Cummins et al., 2007; Ganor et al., 2012; Greenhead et al., 2000; Heise et al., 1993; Hu et 
al., 2000). 

However, other authors report that infected macrophages were rare (Zhang et al., 
1999b), or even undetectable (Hu et al., 2000; Spira et al., 1996) during the first days 

following infection. Also, macrophages resident in the gut lamina propria have been reported 

to lack CCR5 expression and to be poorly permissive for HIV-1 infection (Meng et al., 2000). 

 

e. Microfold cells 
Microfold cells (M cells) cells are intraepithelial cells of the gut mucosa, specialized in 

sampling intestinal contents and presenting antigens to underlying lymphocytes and 

macrophages. A variety of pathogens exploit these cells to cross the mucosal barrier (Neutra 

et al., 1996). Although there is limited in vitro evidence suggesting that M cells might 

contribute to HIV penetration of gut tissue (Amerongen et al., 1991), confirmation in vivo for 

this possibility is still lacking. 

 

3) Modeling HIV mucosal transmission 

In normal physiological conditions, the epithelium constitutes a physical barrier that 

pathogens can not easily cross. Numerous studies in vitro, ex vivo, and in vivo, contribute to 

our understanding of how HIV successfully bypasses the physical and chemical barriers and 



56 
 

reaches its mucosal target cells. Indeed, various mechanisms of HIV/SIV mucosal 

transmission have been proposed and they differ according to the site of infection (type I or II 

mucosa) and the nature of the virus (cell-free or cell-associated virus).  

 

a. Mechanisms by which HIV crosses mucosal barriers 
 

Breaches in the mucosa 
During sexual intercourse, even in the absence of any violence, small abrasions or 

micro-breaches of the epithelium are frequent in vaginal, penile and rectal mucosa (Cold and 

Taylor, 1999; Norvell et al., 1984). In particular, rectal mucosa is considered to be highly 

fragile, and presents many microtraumas after anal intercourse (Winkelstein et al., 1987).  

Both cell-free and cell-associated viruses may use such breaches to gain access to 

the underlying lamina propria and thereby make contact with resident target cells. In the case 

of exposure of multilayered squamous epithelia (vagina, foreskin), minor abrasions, which 

not necessarily involve the whole epithelial thickness, may increase HIV access to LCs 

dendrites, intraepithelial CD4+ T cells and macrophages (Figure 15). 

 

 

Figure 15 : Transepithelial passage of HIV in the context of physical abrasions. Adapted from (Shattock and 

Moore, 2003). 

 

However, numerous studies with humanized mice and NHP models clearly 

demonstrate that infection can follow atraumatic inoculation of either cell-free or cell-

associated virus (Berges et al., 2008; Di Fabio et al., 2001; Girard et al., 1998; Le Grand, 

1993; Miller, 1994; Miller et al., 2005; Salle et al., 2010): the evidence is that an intact 

epithelium does not constitute an impenetrable barrier. 
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Viral particles can break through the epithelial surface via transcytosis 
Ex vivo experiments on genital pluristratified mucosal explants have led to different 

conclusions. Some authors state that transcytosis is not a mechanism of HIV transmission 

through pluristratified epithelia (Bouschbacher et al., 2008; Greenhead et al., 2000), whereas 

Ganor et al. reported HIV-1 budding through epithelial cells of a human foreskin explant 

(Ganor et al., 2010). HIV-1 transcytosis in vivo is more likely to occur across single-layered 

epithelia.  

 

HIV-1 entry into mucosal epithelial cells is much more efficient when HIV-1 particles 

bud locally after contact between HIV-1-infected cells and uninfected epithelial cells than by 

direct entry of cell-free virus into the epithelial cells (Alfsen et al., 2005; Bomsel, 1997; 

Hubner et al., 2009; Phillips, 1994; Tan and Phillips, 1996) (Figure 16). This mechanism of 

cell-to-

infected cell and another target cell (see below) (Alfsen et al., 2005).  

 

HIV-1 entry into epithelial cells relies on the interaction of both HIV-1 envelope 

glycoproteins gp120 and gp41 with the epithelial glycosphingolipid receptor galactosyl 

ceramide (GalCer), organized in lipid raft microdomains (Alfsen et al., 2005; Bomsel, 1997; 

Harouse et al., 1991). Heparan sulfate proteoglycans (HSPG), like agrin, are expressed at 

the epithelial apical surface, and act as attachment receptors for HIV-1. The interaction 

between HSPG and integrins, expressed on the surface of immune cells, triggers 

transduction of the signal for HIV-1 transcytosis (Alfsen et al., 2005). 

 

 

Figure 16 : Transcytosis of HIV-1 through single-layered epithelium. Adapted from (Bomsel and Alfsen, 

2003) and (Alfsen et al., 2005). 
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Infected leukocytes in the inoculum may play a major role in this mechanism of HIV 

mucosal transmission (Bourinbaiar and Phillips, 1991; Phillips, 1994; Phillips and 

Bourinbaiar, 1992; Tan et al., 1993). After adhesion to epithelial cells and transcytosis, viral 

particles gain access to its numerous target cells present in the lamina propria: DCs, CD4+ T 

cells and macrophages (Figure 16). 

However, these experiments were conducted in vitro using transformed cell lines or ex 
vivo explants, and have not been confirmed in vivo. 

 

In addition to their potential role in facilitating HIV particle passage through the 

mucosal surface, epithelial cells may also contribute to the establishment of a pro-

inflammatory state, as a consequence of their interaction with viral particles. Indeed, in a 

NHP model of vaginal inoculation of SIV particles, endocervical epithelial cells produced 

inflammatory molecules, including MIP- -3 days, and thereby inducing an 

influx of CD4+ T cells and DCs, including pDCs, directly in contact with the basal pole of the 

epithelium (Li et al., 2009).  

 

HIV-1 cell-to-cell transmission mediated by infected cells present in the inoculum 
HIV-1 particles can move between cells and tissues of the body via fluid-phase 

diffusion; such diffusion allows HIV to make contact passively with its target cells. However, 

the extracellular environment may contain molecules that hinder virus movements, such as 

mucus which is particularly relevant (Boukari et al., 2009; Shukair et al., 2013). The diffusion 

of virions lowers their concentration and increases the length of time between viral assembly 

and productive infection, thereby increasing their vulnerability to the host immune response.  

In contrast, immune cells constitute a large network of cells in constant interaction with 

each other and which are highly migratory (Feldmann and Schwartz, 2010; Shieh et al., 
1999). There is growing evidence that HIV-1, like other viruses, can hijack these properties 

and exploit them to spread (Feldmann and Schwartz, 2010; Martin and Sattentau, 2009). 

Cell-to-cell transfer of HIV-1 is estimated to be 92- to 18,600-fold more efficient than infection 

by cell-free virus (Chen et al., 2007).  

 

Two models of cell-to-cell transmission have been proposed in the context of HIV-1 

sexual infection: 

 Uptake of free viral particles or establishment of direct cell-to-cell contacts 

between infected leukocytes, and virus transfer to the stromal DCs or 

intraepithelial LCs, leading to virus dissemination in cis or in trans (see above), 
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 Establishment of direct cell-to-cell contacts between the infected leukocytes 

present in the genital or rectal secretions and the intraepithelial CD4+ T cells 

and macrophages, leading to their infection and a local initiation of viral 

replication. This model is supported by in vivo observations in NHP that the cell 

type that is predominantly infected during the earliest steps of SIV transmission 

are CD4+ T cells (Joag et al., 1997; Picker and Watkins, 2005; Veazey et al., 
2003). 

 

The most widely described mechanism of cell-to-cell virus spread involves the 
+ T cell, macrophage 

or DC) and a target cell (Arrighi et al., 2004; Garcia et al., 2005; Martin and Sattentau, 2009; 

Mothes et al., 2010; Turville et al., 2004) (trans-infection) (Figure 17). The VS shares many 

similarities with the immunological synapse, which is formed by cell-to-cell contact between 

an antigen-presenting cell (APC) and a T cell (Bromley et al., 2001).  

 

 

Figure 17 : Transmission of HIV-1 through the virological synapse. a. and b.: trans-infection; c.: cis-infection. 

Adapted from (Wu and KewalRamani, 2006). 
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Viral envelope glycoproteins gp120 and gp41, and the viral receptor CD4 and co-

receptor CCR5 or CXCR4, expressed on the cell membrane, participate in the formation of 

VS. They are recruited and concentrated at the target-effector cell interface in a 

cytoskeleton-dependent manner (Feldmann and Schwartz, 2010) (Figure 18). Surface 

molecules including adhesion molecules, like HSPG, integrins and their ligands, and C-type 

lectins like DC-SIGN stabilize the VS (Groot et al., 2008; Jolly et al., 2007; Martin and 

Sattentau, 2009).  

 

 

Figure 18 : Polarization of viral budding platforms towards the target cells. (A) Live imaging of Gag-GFP: 

infected cell (green) expressing centrin-RFP (red dot), conjugated with a target cell expressing actin-RFP (darker 

red). (B) Models of virological synapse (VS)  (left), 

or viral budding platforms can polarize toward the target (right). (C) Dynamic observation of immunological 

synapse (IS) and VS reveal that the two structures behave differently. This schematic view of the interface 

between interacting cells shows intercellular adhesion zones (pSMAC) in red, and mobile elements (TCR clusters 

in the IS, viral clusters in the VS in green). Preformed surface viral material migrates uncoordinatedly toward the 

center of the VS (right). Adapted from (Feldmann and Schwartz, 2010). 

 

Sattentau et al. reported that extensive membranous connections, termed membranes 

nanotubes, can form passively when interacting cells separate from each other. Electron 

microscopy analysis revealed that the point of intercellular nanotube contact is indeed a 

small-scale virological synapse, implying receptor-dependent and Env-dependent 

interactions (Sowinski et al., 2008). 

 

HIV can also be transferred from cell to cell via actin-containing membrane 

extensions, where CD4 and virus co-receptors are concentrated (Majstoravich et al., 2004). 
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These extensions include microvilli and ruffles, thin plasma membrane extensions supported 

by actin, and that participate in multiple cellular processes, including transmigration and 

formation of cell-to-cell contacts (Mattila and Lappalainen, 2008). A mechanism of virions 

surfing on the outside of these membranes extensions towards the target cell has been 

proposed (Mattila and Lappalainen, 2008; Sherer et al., 2007). 

 

Polarized spread of this type benefits the virus by channeling the release of newly 

produced viral particles towards a susceptible cell, in which the viral receptor and co-receptor 

are clustered at the cell-to-cell junction. Importantly, this mechanism of virus transmission 

potentially may facilitate immune evasion by: 

 Reducing the transit time to target cells (Martin and Sattentau, 2009; 

Sourisseau et al., 2007), 

 Reducing exposure to components of the host immune system, especially 

neutralizing antibodies (Chen et al., 2007; Martin and Sattentau, 2009). 

 

 

Role of dendritic cells in virus transmission and dissemination 
DC-mediated cell-to- CD4+ T cells 

and macrophages  may occur at the site of exposure, within the lamina propria or the 

submucosa, or in the draining LNs, after migration of the transmitter DC through the 

lymphoid system.  

 

Another facet of the contribution of DCs to HIV transmission has been proposed 

recently. Endocervical plasmacytoid DCs recruited by the epithelial release of MIP-

above) produce diverse molecules with antiviral and chemoattractant activity, like IFN-

MIP- - + SIV target cells, mostly CD4+ T cells, 

and thereby promotes SIV transmission and local viral replication (Li et al., 2009). Vaginal 

application of glycerol monolaurate, a molecule that interferes with this pro-inflammatory 

signaling pathway, before SIV inoculation provided prevention of infection.  

 

 

Transmigration of infected leukocytes.  
Macrophages and T cells, present in the genital secretions of the donor, can be 

productively infected by HIV-1. These cells express a variety of adhesion molecules that 

trigger their adhesion to epithelial cells and their migration across the epithelium in the 

recipient.  
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LFA-1 and Mac-1 belong to a class of integrins involved in the trafficking of immune 

cells (Evans et al., 2009). Upon activation by cytokines in genital secretions, for example 

SDF-1, the conformation of the integrin receptor changes such that it binds adhesion 

molecules of the ICAM or JAM families, present in the intercellular zone, allowing the 

migration of leukocytes across a mono- or pluristratified epithelium (Evans et al., 2009). 

 

genital intra-epithelial leukocytes and allows specific adhesion to epithelial cadherin, thereby 

favoring migration within pluristratified epithelia (Schon et al., 1999; Shacklett et al., 2003; 

Shieh et al., 1999). 

 

Apical-to-basal migration of leukocytes is induced by a chemokine gradient. All the 

sexually exposed mucosa have been described to release chemokines that may attract 

leukocytes from the inoculum: IL-8, SDF- -

MIP-1 (Herold et al., 2006; Maxion and Kelly, 2002; Wira et al., 2005). 

These factors are secreted by epithelial cells and mucosal resident leukocytes, and they are 

abundant during inflammation. Thus, any mucosal inflammation is expected to increase the 

chemotactism of infected leukocytes present in the inoculum and thereby the risk of HIV 

transmission. 

 

In vitro, HIV-infected mononuclear cells can migrate through and transmit infection to 

a monolayer of cervical-derived cells (Carreno et al., 2002; Mayer and Anderson, 1995; Tan 

et al., 1993). Another study described macrophages attached to the epithelial surface of a 

reconstructed vaginal epithelium model, and penetrating between epithelial cells, by a 

mechanism involving integrins (Blaskewicz, 2009)., Labeled cells in semen, again ex vivo, 
are able to bind to an ecto-cervical explant and migrate through the epithelium (Maher et al., 
2005).  

 

Moreover, several independent studies reported successful vaginal transmission in 

humanized mice inoculated with cell-associated HIV-1 (Di Fabio et al., 2001; Ibata et al., 
1997; Khanna et al., 2002; Zacharopoulos et al., 1997). Systemic infection could be obtained 

in SCID-humanized mice, treated with Depo-Provera and inoculated vaginally with CFSE-

stained mononuclear cells infected with HIV-1 (Di Fabio et al., 2001). Interestingly, CFSE+ 

donor cells were detected in the vaginal epithelium within 4 hours of inoculation and in the 

draining LNs after 24h, suggesting that inoculated cells had migrated trough cervico-vaginal 

epithelium and disseminate very quickly to the secondary lymphoid system.  
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In NHP, systemic infection can be obtained by inoculation of infected leukocytes, both 

after ulcerative trauma of the mucosal surface (Weiler et al., 2008), or in the absence of any 

such trauma (Girard et al., 1998; Miller et al., 1989; Salle et al., 2010). 

 

Recently, our group inoculated Depo-Provera-treated female cynomolgus macaques 

with CFSE-labeled splenocytes infected with SIVmac251: the findings were similar to those 

obtained in the humanized mouse model (Salle et al., 2010). As early as 21h post-

inoculation, CFSE-labeled cells, mostly T cells, were detected in vaginal tissues and the 

draining internal ilial LN; these cells were confirmed to be SIV-positive cells by in situ 

hybridization (Figure 19). Forty-five hours after inoculation, CFSE+ cells were also detected in 

the axillary LN, suggesting rapid dissemination of the inoculated cells through the secondary 

lymphoid tissue. 
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Figure 19 : CFSE-labeled cells and infected cells in tissues after vaginal exposure of SIVmac251-infected 
splenocytes. (A-C) CFSE-labeled cells revealed by immunohistochemical analysis (arrows) in macaque tissues 

(magnification, x100 and x1000) (D-F) In situ hybridization using DNA probes complementary to SIV in the same 

macaque tissues (magnification, x100 and x630) Tissues were sampled 21h (A, B, D, E) and 45h (C, F) post-

inoculation (Salle et al., 2010). 

 

Unprotected heterosexual intercourse induces an allogeneic response in women that 

(Peters et al., 2004). This is 

probably due to exposure to seminal leukocytes and not to sperm, which do not express 

classical HLA antigens (Anderson et al., 1982). It has been suggested that, because the 

human vagina is a poor antigen induction site (Kozlowski et al., 2002) and that the allogeneic 

response was detected in peripheral blood, some seminal leukocytes may cross the cervico-

vaginal epithelium and stimulate the immune response directly in the draining LN (Anderson 

et al., 2010a). 
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These various observations collectively suggest that transmigration of infected 

leukocytes may be a relevant pathway of HIV mucosal transmission, across both single-

layered and pluristratified epithelia. 

 

 

To conclude this part, various different mechanisms of HIV mucosal transmission have 

been proposed and described in diverse models (Figure 20 illustrates these putative 

mechanisms). 

 

 

Figure 20 : Schematic representation of putative mechanisms of HIV mucosal transmission, depending on 
the site of infection and the nature of the virus. Adapted from (Bhardwaj, 2012). 
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b. Establishment of systemic infection after mucosal exposure 
Numerous studies in vivo in NHP models have provided insight into how HIV and SIV 

enter the mucosa following genital or rectal exposure, and then cause systemic infection 

(Girard et al., 1998; Li et al., 2009; Martinon et al., 2008; Miller et al., 1989; Miller et al., 2005; 

Salle et al., 2010; Vingert et al., 2003). In particular, studies with rhesus macaques 

inoculated by the vaginal route, elegantly described very early events of viral pathogenesis, 

within the first two weeks after infection. However, such access to what happens at the 

mucosal frontline, more distally at the draining lymph nodes and finally at the systemic level, 

is clearly not feasible in human HIV-1 patients.  

 

NHP studies on the earliest steps of SIV infection following vaginal inoculation of high 

dose of virus indicate that local events critical for systemic infection take place very quickly. 

The virus can cross the mucosal epithelial barrier within hours, initiate local replication within 

days and establish self-propagating systemic infection, via secondary lymphoid tissue within 

a week or less (Figure 21) (Hu et al., 2000; Li et al., 2009; Miller et al., 2005; Zhang et al., 
1999b).  
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Figure 21 : Time frame, sites and major events during and following vaginal transmission. Adapted from 

Haase, 2010 (Haase, 2010). 

 

The first 3-4 days after exposure constitute the so-called the . During 

this time lapse, viral DNA can be detected in the exposed tissue, meaning that the virus has 

infected some mucosal cells; however, viral RNA, representing de novo produced virions, is 

not detected at this time (Haase, 2011). This is followed by a rapid local expansion and 

lymphatic colonization (Figure 21). During the second week of infection, replication 

accelerates rapidly, taking place mostly in secondary lymphoid organs including the spleen, 

lymph nodes and gut-associated lymphoid tissue (GALT) (Mannioui et al., 2009; Mehandru et 
al., 2004; Veazey et al., 1998), where virus has access and close spatial proximity to many 

target cells. Viral loads in blood and tissues reach to peak levels 10-14 days post-infection 

(dpi), and thereafter decline towards relatively stable and lower levels by 4 weeks after 

exposure (Mattapallil et al., 2005; McMichael et al., 2010) (Figure 22).  
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From this stage, viral reservoirs are established in lymphoid tissues, gut, brain and 

genital tract, where the virus is present as provirus integrated into the genomes of latently 

infected cells (mostly resting CD4+ T cells and macrophages) (Blankson et al., 2000; 

Blankson et al., 2002; Chomont et al., 2009; Chun et al., 1995; Eisele and Siliciano, 2012; 

Igarashi et al., 2001; Smith et al., 2003; Williams et al., 2001).  

 

 

Figure 22 : Pathogenesis of vaginal transmission and early infection, in vivo growth curves and eclipses 
phases. Adapted from Haase, 2011 (Haase, 2011). 

 

The general view is that once systemic infection and viral reservoirs are established, 

elimination of HIV infection is extremely unlikely, or impossible (Blankson et al., 2002; 

Chomont et al., 2009; Chun et al., 1998). Even in patients who have been on HAART for 

several years, proviral DNA can be detected in latently infected cells, and viral rebound can 
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occur within weeks of treatment interruption (Eisele and Siliciano, 2012; Joos et al., 2008; 

Lambotte et al., 2002). 

Also, the time to eradication of the population of latently infected cells in patients on 

HAART since the chronic phase of infection has been estimated to be over 60 years (Joos et 
al., 2008; Siliciano et al., 2003; Strain et al., 2003). In contrast, two longitudinal studies 

estimated that continuous treatment, initiated during the acute phase of infection and if it 

totally suppressed viral replication, would be required for 7 to 8 years of to eradicate the 

latent viral reservoir (Chun et al., 2007; Zhang et al., 1999a). 

 

c. Initial induction of a small founder population of infected cells 
In NHP exposed to free virus by the vaginal route, viruses rapidly cross the mucosal 

barrier and establish a small founder population of infected CD4+ T cells (Miller et al., 2005; 

Zhang et al., 1999b). The founder population, which numbers about only 40-50 cells during 

the first 3-4 days post-exposure, undergoes a local expansion during the first week after 

infection and generate sufficient virus and numbers of infected cells to disseminate to the 

draining lymph node and from there establish systemic infection (Miller et al., 2005). Infected 

cells are detectable in draining lymph nodes early after infection, 18 to 24h after exposure, 

suggesting that there are one or several wave(s) of viral spread early after exposure (Hu et 
al., 2000; Salle et al., 2010). However, it seems that a threshold for a self-propagating 

infection remains until sufficient quantities of virus and infected cells are produced locally. 

An efficient local mucosal immune response, innate or adaptive (in cases of repeated 

HIV exposure), could theoretically control and even suppress infection at a very early 

infection time point; indeed, the early period constitutes a  This 

notion is supported by the observation, made by several authors independently, that vaginal 

or rectal inoculation of low SIV doses in macaques can lead to transient viremia, without 

inducing patent systemic infection and seroconversion (Miller et al., 1994a; Milman and 

Sharma, 1994; Pauza et al., 1994). However, it seems that the cellular immune response 

against HIV is in most cases too little and too late to prevent chronic infection (Haase, 2010).  

 

NHP studies have lead to the idea that there are only a small number of infection 

events per sexual transmission; this has not been directly observed in HIV infections, but can 

reasonably inferred from recent studies characterizing viral genetics of patients early after 

infection. Single genome amplification, deep sequencing studies and mathematical modeling 

of the earliest viral strains circulating in blood have indicated that infection is acquired from a 

single virus genotype in 80% of cases and from two to five viruses in the other 20% (Keele et 
al., 2008; Li et al., 2010; Salazar-Gonzalez et al., 2009).  
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d. Selective mucosal transmission of CCR5-tropic viral strains 
After sexual exposure, CCR5-tropic HIV-1 strains are selectively transmitted (Keele et 

al., 2008; Milman and Sharma, 1994; Salazar-Gonzalez et al., 2009). There are very few 

exceptions to this viral selection, although there is evidence of the transmission of dual-tropic 

over X4 HIV (Grivel et al., 2011; Margolis and Shattock, 2006). Grivel, Margolis and Shattock 

proposed a model for how such a gatekeeper mechanism could select, so near perfectly, HIV 

R5 variants. This model involves the superposition of different filters, none of them being 

absolutely impenetrable for X4 strains, but each working with the others in synergy (Figure 

23). 

 

 

Figure 23 : Model of the selective transmission of R5 strains, as described by Margolis and Shattock. 

Adapted from (Grivel et al., 2011). 
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Several filters have been proposed, some in the donor, others in exposed individuals, 

either at the mucosal barrier or at a systemic level. At least five sequential barriers working 

together have been described, but there are probably more involved during infection process, 

and they undoubtedly differ among individuals (Grivel et al., 2011). 

 

First, the presence of both CCR5- and CXCR4-tropic HIV-1 (R5 and X4 HIV-1, 

respectively) has been reported in semen and cervico-vaginal secretions. However, R5 

variants tend to be more abundant than X4 strains in both types of genital secretions 

(Coombs et al., 2003; Curran and Ball, 2002; Delwart et al., 1998; Pillai et al., 2005; Zhu et 
al., 1996). X4 HIV-1, associated with accelerated progression to AIDS, only appears late in 

the course of the disease, and then only in 50% of individuals infected with Clade B virus. 

Indeed most patients progress to AIDS in the absence of the emergence of X4 strains. These 

observations suggest a sustained selective pressure against X4 over R5 replication by the 

donor. 

 

Several factors may influence the selective pressure resulting in the predominance of 

R5 strains for both penetration and dissemination. One of the first barriers is the mucus layer. 

In particular, poly-anionic components of mucus can interact and trap positively charged viral 

proteins more efficiently , such as the gp120 V3 loop of HIV-1 X4-tropic strains (Bergey et al., 
1994; Kwong et al., 2000; Margolis and Shattock, 2006). The mucosal epithelia, including the 

cervico-vaginal epithelium, produce substantial amounts of SDF-1, that binds and down-

regulates CXCR4 surface expression on target cells (Agace et al., 2000; Bomsel and David, 

2002). Some defensins have also been reported to inactivate X4 strains more potently than 

R5 strains, although this suggestion remains controversial (Feng et al., 2006; Quinones-

Mateu et al., 2003; Seidel et al., 2010; Sun et al., 2005). 

 

After crossing the epithelial barrier, HIV encounters different target cells: mostly 

memory CD4+ T cells, macrophages and DCs. These cells are characterized by high levels 

of CCR5 surface expression, with little or no CXCR4 expression (see above) in all sexually 

exposed mucosa.  

 

Additional post-mucosal gate-keeping mechanisms appear to exist, because R5 

strains dominate early stages of infection, even when the transmission occurred by 

intravenous inoculation (Grivel et al., 2011). Lymphocytes, rather than macrophages and 

DCs, are the first targets for HIV (Haase, 2010; Miller et al., 1992a; Miller and Shattock, 

2003; Zhang et al., 1999b). However, macrophages constitute a large viral reservoir, and 

together with other APCs, such as dendritic cells, are less susceptible to cytotoxic T cells 



72 
 

(Harouse et al., 2003; Schutten et al., 2001). Thus they survive longer and disseminate R5 

strains, with which they are predominantly infected. 

It is plausible, or even likely, that other barriers exist, and that there are differences 

between individuals and according to a variety of factors (age, progression through the 

menstrual cycle, t sexually transmitted disease, etc.). 

 

 

To conclude, besides the generally low per-act risk of HIV-1 transmission, the fact that 

only a few (and often only a single) virions are transmitted after sexual exposure suggests 

that the mucosal barrier mostly succeeds in stopping penetration by the virus. Nevertheless, 

the huge extent of HIV-1 pandemic worldwide tends to indicate that co-factors must play a 

major role in facilitating viral transmission. Understanding these co-factors is crucial for the 

development of effective prophylactic drugs, vaccines and microbicides. 

 

C. Factors influencing mucosal transmission 

Epidemiological studies have helped to identify numerous cofactors that modulate HIV 

sexual transmission positively or negatively, by increasing or decreasing both the infectivity 

of the transmitters and the susceptibility of the exposed individual (Belec, 2007; Mayer and 

Anderson, 1995; Plummer, 1998; Royce et al., 1997). Some cofactors are local, involving the 

genital and rectal tissues, whereas others depend on extra-genital/rectal features that have 

indirect effects on the infectious inoculum or on the sexually exposed mucosa. 

from those affecting the susceptibility of sexually exposed mucosa. 

 

1) Factors related to the transmitter 

a. Viral load and stage of infection 
The viral shedding in genital and rectal secretions is a major determinant of the HIV 

transmission rate (Belec, 2007). HIV-1 is present in these secretions as two forms: cell-free 

virus, which is quantified by measuring the load of viral RNA (vRNA) in the acellular fraction; 

and cell-associated virus, quantified as the load of HIV DNA (vDNA) in the cellular fraction 

(Coombs et al., 1998; Iversen et al., 1998; Kiviat et al., 1998; Zuckerman et al., 2004).  
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Observations in HIV-1-infected human patients and SIV-infected macaques lead to the 

following conclusions: 

 vRNA loads in blood plasma and mucosal secretions are correlated although 

the correlation is generally weak (Coombs et al., 1998; Kalichman et al., 2008; 

Kiviat et al., 1998; Uvin and Caliendo, 1997);  

 vRNA loads are generally lower in genital secretions than in blood plasma 

(Kovacs et al., 1999; Tachet et al., 1999), and rectal viral loads are higher than 

those in blood plasma and genital secretions (Zuckerman et al., 2004), 

 vRNA and vDNA loads in cervico-vaginal and rectal secretions are correlated 

(Iversen et al., 1998; Kiviat et al., 1998), but those in semen and rectal 

secretions are not correlated (Krieger et al., 1998; Mayer et al., 1999); 

 The variability of viral loads in mucosal secretions is higher than that in 

peripheral blood (Coombs et al., 1998; Iversen et al., 1998; Tachet et al., 
1999), 

 Viral loads in mucosal secretions are inversely correlated to peripheral CD4+ T 

cells counts (Kovacs et al., 1999; Tachet et al., 1999; Xu et al., 1997). 

 

The stage of infection is a major determinant of the risk of transmission: the risk is 

maximal during primary and late stages of infection, when the viral loads in mucosal 

secretions are the highest (Hollingsworth et al., 2008; Wawer et al., 2005). Indeed, risk of 

transmission has been evaluated as 12 to 26- and 7-fold higher during primary and late 

stages on infection, respectively, than during asymptomatic chronic phase. 

 

b. Concomitant sexually transmitted diseases 
Co-infection with other sexually transmitted diseases (STDs), notably Herpes Simplex 

type II (HSV2), Cytomegalovirus, N. gonorrheae, C. trachomatis and T. vaginalis have been 

reported to be major factors associated with higher HIV-1 loads in genital and rectal 

secretion (Dyer et al., 1998a; Kiviat et al., 1998; Kreiss et al., 1994; McClelland et al., 2002; 

Wolff and Anderson, 1988b). This phenomenon has been explained as a synergistic process, 

by which the replication of each infectious agent is enhanced by the other. Direct and indirect 

(like the related mucosal inflammation) mechanisms have been described (Cohen et al., 
1997; Ramsey et al., 1995; Sadiq et al., 2005; Sheth et al., 2008; Wald, 2004). 

Interestingly, in a systematic review Rottingen et al. states that the increase of HIV 

load related to co-infections of the genital tract is more pronounced in men than in women 

(Rottingen et al., 2001). 
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c. Antiretroviral therapy 
Antiretroviral therapy (ART) significantly decreases HIV-1 loads in the genital 

secretions of infected women (Coombs et al., 2001; Cu-Uvin et al., 2000; Kovacs et al., 
2001) and men (Anderson et al., 1992; Hamed et al., 1993). Genital vRNA loads decrease 

quickly after initiation of treatment (Cu-Uvin et al., 2000). Nevertheless, viremia being 

undetectable is not systematically followed by a similar reduction in genital and rectal 

secretions of the virus (Anderson, 2009; Kovacs et al., 2001; Krieger et al., 1991b; Politch et 
al., 2012; Tachet et al., 1999; Zhang et al., 1998a). Indeed, viral loads may be high in the 

rectal secretions of seropositive patients under ART (Zuckerman et al., 2004). 

 

d. Circumcision 
Male circumcision has been associated with a reduction of the risk of transmitting HIV 

infection. A transversal study of more than 4,400 women in Kenya reported that women 

whose sexual partner was not circumcised presented a 3-fold higher risk of being infected by 

HIV-1, independently of other risk factors (Hunter et al., 1994).  

The absence of circumcision may raise the risk of transmission by exposing the 

a to infected foreskin cells (Belec, 2007). Indeed, Miller et al. reported the 

presence of infected mononuclear cells within the foreskin epithelium of SIV-infected 

macaques (Miller, 1994). 

 

2) Factors related to the exposed individual 

a. Genetic factors 
The first genetic factor to be described to confer protection against HIV-1 acquisition, 

(Dean 

et al., 1996; Liu et al., 1996; Paxton et al., 1996; Samson et al., 1996). This allele is most 

frequently found in populations in northern Europe, where 1% of individuals are homozygotes 

(Stephens et al., 1998). The protection is however incomplete, and a small number of cases 

such cases, only X4 strains have been isolated from blood plasma (Lama and Planelles, 

2007). 

 

Some haplotypes of genes coding for RANTES and DC-SIGN homologs may 

decrease the risk of HIV acquisition, but the protection conferred is weak, and this is an issue 

that needs to investigated more extensively (Wichukchinda et al., 2007; Zhao et al., 2004). 
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b. Anatomic factors 
Male circumcision also reduces the risk of acquiring HIV infection. In circumcised 

men, most of, if not all, the foreskin is removed and the mucosal epithelium covering the 

glans becomes highly keratinized, like skin. Since 1986 (Fink, 1986), the notion that male 

circumcision may protect against HIV sexual transmission has been extensively considered. 

More than forty studies have evaluated the effects of circumcision on the risk of HIV 

acquisition (Belec, 2007; Siegfried et al., 2005; Wamai et al., 2011; Weiss et al., 2000). It is 

now generally believed that male circumcision confers protection on the insertive partner 

against the acquisition of HIV during sexual intercourse. In a meta-analysis of 27 studies, 

including 21 reporting a reduced risk of HIV among circumcised men, the protection was 

evaluated to be 42% (34 to 54%) (Weiss et al., 2000). Subsequently large randomized 

clinical trials demonstrated that circumcision reduces the risk of HIV acquisition in men by 

50-60% (Auvert et al., 2005; Gray et al., 2007). 

This protective role of male circumcision by the insertive partner may be a 

consequence of the keratinization of the epithelial surface of the glans in the absence of 

foreskin (Anderson et al., 2011). Moreover, the absence of the foreskin reduces the transient 

Such retention of contaminated fluids probably increases the risk of acquiring HIV. 

 

Cervical ectopy, which consists in the extrusion of endocervical mucosa into the 

vaginal lumen, has been found to be associated with increased susceptibility to HIV-1 

transmission (Kreiss et al., 1994; Moss et al., 1991; Plummer et al., 1991). Indeed, this 

condition exposes the fragile transformation zone and endocervical mucosa to external 

aggressions, and results frequently in substantial immune inflammation or ulcerations. This 

zone is characterized by a single-layer epithelium and the abundance of HIV-1 target cells.  

Cervical ectopy is common during pregnancy and in young women; this may explain, 

at least partially, why young African women are at higher risk of infection than men of the 

same age (Berkley et al., 1990; Georges-Courbot et al., 1989). 

 

c. Hormonal factors and contraception 

infection; sex hormones, the levels of which vary substantially during the cycle, regulate both 

immune function and epithelial structure of the upper and lower genital tract. The 

consequences of treatment with sex hormones or contraceptives for the cervico-vaginal 

epithelium are similar in women and female macaques.  
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During the follicular stage of the cycle, estradiol impregnation stimulates proliferation 

of the vaginal and ectocervical epithelium and mucin production by endocervical glandular 

cells. Estrogen injections result in a significant thickening of the epithelium (Smith et al., 
2004b; Wood, 2008) 

Progesterone production during the secretory stage induces thinning of the vaginal 

epithelial surface. A treatment based on progesterone (with Medroxyprogesterone, or the 

synthetic progesterone analog Depo-Provera® for example) led to substantial thinning of 

epithelium in female macaques (Marx et al., 1996). However, the vaginal epithelium thinning 

induced by DMPA treatment is slighter in women than in macaques (Mauck et al., 1999; 

Miller et al., 2000). 

This led Smith et al. to study ovariectomized rhesus macaques treated with estradiol. 

They found that they were more resistant than controls against SIV vaginal infection (Smith 

et al., 2000), whereas NHP during the secretory stage or treated with Depo-Provera (DPMA), 

were substantially more sensitive to infection (Marx et al., 1996). 

A study conducted in women taking three different contraceptives, including injectable 

progesterone, found that all women taking contraceptives displayed thicker cervico-vaginal 

epithelium than controls (Ildgruben et al., 2003), contradicting other observations. 

 

DPMA treatment (but not oral contraceptives) has been associated with an increased 

risk for HIV-1 acquisition in women (Baeten et al., 2007; Heffron et al., 2012; Hel et al., 2010; 

Morrison et al., 2010; Morrison et al., 2009; Wand and Ramjee, 2012), as it has been 

demonstrated in NHP models. Different mechanisms have been described.  

First, DPMA administration increases epithelial infiltration by leukocytes, including by 

potential HIV target cells (Chandra et al., 2013; Ildgruben et al., 2003). Progesterone 

impregnation is also associated with increased activation markers and CCR5 expression in 
vivo and ex vivo (Chandra et al., 2013; Patterson et al., 1998).  

In parallel, DPMA treatment of human PBMCs inhibits in vitro the production of key 

regulators of both cellular and humoral immunity involved in orchestrating the immune 

response to invading pathogens, like IFN- , TNF- , MIP-1 , IL-2 or IL-6 (Huijbregts et al., 
2013; Vassiliadou et al., 1999). In women treated with DPMA, peripheral and genital levels of 

IFN- cantly lower (Huijbregts et al., 2013). 

However, other studies recently conducted on women under DPMA contraception 

he risk of HIV acquisition, which remains controversial 

(Jain, 2012; Morrison et al., 2012). To date, at the population level, the decision to withdraw 

DMPA from family planning programs in high endemic zones remains not warranted (Jain, 

2012), but other contraceptive methods, especially condom use, is recommended to 

individual DPMA-users presenting a high risk of exposure to HIV (2012). 
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IgA, IgG and lactoferrin levels in cervico-vaginal secretions decline 10-100 fold at 

midcycle, and then rise towards the end of the menstrual cycle (Schumacher, 1988). The 

same study demonstrates that oral contraceptives depress immunoglobulin and lactoferrin 

levels for the duration of the exposure. The concentrations of other antimicrobial factors, 

-defensin 2 and human neutrophil peptides 1-3, decline significantly 

at midcycle and remain low for 7-10 days (Keller et al., 2007).  

 

Within the upper genital tract, estradiol impregnation, preparing the FGT for 

conception, suppresses innate (NK cells, neutrophils and dendritic cells) and cell-mediated 

(CD8+ T cells) mucosal immunity. This is a consequence of the action of TGF-

cytokines and growth factors, which peak midcycle (Casslen et al., 1998; White et al., 1997; 

Wira and Fahey, 2008). 

 

These observations led Wira et al. to suggest the existence of a 

 during the menstrual cycle, a consequence of sex hormone impregnation, 

which lasts for 7-10 days after ovulation. During this period, HIV cervico-vaginal transmission 

may be facilitated (Wira and Fahey, 2008). 

 

Hormonal contraception, especially progestin-based, has often been found to be 

associated with an increased risk of HIV transmission. However, there have been numerous 

epidemiological studies and the results reported are contradictory. However, Baeten et al. 
described various mechanisms by which oral contraception may increase the risk of HIV 

transmission (Baeten et al., 2007): 

 Increasing cervico-vaginal inflammation 

 Increasing CCR5 expression in the genital tract 

 Increasing the risk of cervical ectopy 

 Increasing the risk of acquisition of other STDs  

 Modifying immune mucosal responses 

 Enhancing viral replication 

 

There is still no solid demonstration that oral contraceptives increase the risk of HIV 

acquisition in women; therefore, such contraception remains recommended for birth control, 

but should be associated with condom use for prevention of STD infection (Belec, 2007; 

Stephenson, 1998). Nevertheless, injectable medroxyprogesterone, which has been linked to 

an enhanced risk of HIV acquisition (Rehle et al., 1992), should be discouraged in endemic 

countries, notably in Africa. 
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d. Perturbation of the endogenous flora 
The surface of the vaginal, penile and rectal mucosa is colonized by an endogenous 

flora, which is mostly protective and contributes to maintaining the physiological equilibrium 

(see above). Local inflammation is generally absent, unless there is co-infection with a STD. 

Any perturbation of this microflora may result in an increased risk of HIV acquisition (Martin 

et al., 1999).  

 

Bacterial vaginosis (BV) has been well documented as an example of a factor 

potentially associated with an increased risk of HIV acquisition and transmission (Brotman, 

2011; Cohen et al., 1995; Martin et al., 1999; Myer et al., 2005). BV is one the most frequent 

causes of vaginal disorders in sexually active women. It is the perturbation of the vaginal 

flora balance, with a shift from the naturally predominant Lactobacilli to a majority of 

anaerobic strains, for example Gardnerella vaginalis, T. vaginalis and M. hominis. Clinically, 

BV manifests itself by an abundant vaginal discharge, a vaginal pH above 4.5, a strong and 

T. 
vaginalis or other anaerobic bacteria (Amsel et al., 1983; Brotman, 2011).  

 

Different potential mechanisms by which BV may increase the risk of HIV transmission 

have been described: 

 Neutralization of vaginal pH and decreasing H2O2 production by Lactobacilli 
(Hillier et al., 1993).  

 Modulation of oxidative capacities of mucosal leukocytes and mucins by 

bacterial sialidases, which allows pathogens to survive longer in the mucus 

layer (McGregor et al., 1994). 

 Activation of HIV-1 replication by LTR activation initiated by bacterial 

secretions, through the NF- B pathway (Al-Harthi et al., 1998). 

 

e. Physical traumatisms and dry sex 
Any trauma inflicted on exposed mucosa may increase the risk of HIV acquisition by 

creating breaches in the epithelium (Belec, 2007).  

agents (Strathdee et al., 1996). These agents, applied vaginally, cause mucosal irritation with 

inflammatory lesions and even micro-ulcerations in the cervico-vaginal mucosa and also in 

the penile mucosa. There is still controversy over the consequences of these sexual 

practices on HIV transmission (Myer et al., 2006; Myer et al., 2005).  
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f. Sexually transmitted diseases and local inflammation 
The effects of STDs on susceptibility to HIV has been extensively documented, from 

studies that link a history of STD to HIV acquisition (Coombs et al., 2003; Fleming and 

Wasserheit, 1999; Rottingen et al., 2001), to trials confirming the increased risk of acquiring 

HIV in the presence of STDs (Cameron et al., 1989; Kassler et al., 1994; Laga et al., 1993; 

Nelson et al., 1997; Plummer et al., 1991). Fleming et al. reported an adjusted-risk ratio (e.g. 

the estimated risk ratio after confounding factors have been taken into account) for HIV 

acquisition for a person with a genital ulcerative disease (GUD) is between 2.2 and 11.3, 

whereas non-ulcerative STDs show adjusted-risk ratios of 3 to 4 (Fleming and Wasserheit, 

1999). The pathogens most commonly causing GUD are Herpes Simples Virus type II (HSV-

2), Haemophilus ducreyi and Treponema pallidum (the agent of syphilis). Commonly found 

pathogens causing non-ulcerative STDs include Chlamydia trachomatis and Neisseria 
gonorrhoeae. 

 

Several mechanisms are possible for the increased susceptibility to HIV associated 

with STDs: 

 Mucosal disruption: breakdown of mucosal integrity makes the main targets 

for HIV transmission more accessible. Mucosal disruption is common in GUDs 

(Galvin and Cohen, 2004), and genital ulcers enhance vaginal transmission of 

cell-associated SIV in macaques (Weiler et al., 2008). 

 

 Immune changes: STDs, including infection by H. ducreyi, both provoke the 

influx of leukocytes, including HIV target cells, and activate CD4+ T cells. This 

may enhance HIV infection, because HIV-1 preferentially infects activated 

CD4+ T cells (Magro et al., 1996; Van Laer et al., 1995). It is widely believed 

that any inflammation of the exposed mucosa is associated with an increased 

risk of HIV acquisition (Trifonova et al., 2007). 

 

The high prevalence of HSV-2 and other STDs, and particularly bacterial vaginitis, in 

Africa and Asia may explain the high incidence of HIV sexual transmission, and particularly 

the high female-to-male transmission rate (O'Farrell, 2001). 

 

Finally, the use of irritating vaginal products, like the widely used spermicide 

Nonxynol-9, can also cause local inflammation and increase the susceptibility to HIV 

infection in women (Fichorova et al., 2001). 

 



80 
 

g. HIV-specific antibodies in genital secretions 
Several studies report that neutralizing IgG and IgA specific to HIV-1 have been 

recovered from vaginal secretions of women regularly sexually exposed to HIV (Alexander 

and Mestecky, 2007; Belec et al., 1995; Hirbod and Broliden, 2007; Lu et al., 1993; 

Mestecky, 2007; Miyazawa et al., 2009). Also, prospective studies indicate that genital HIV-

neutralizing IgA are associated with non-acquisition of HIV (Hirbod et al., 2008; Kaul et al., 
2001).  

Interestingly, IgA preparations from mucosal secretions of highly exposed persistently 

seronegative (HEPS) individuals were able to inhibit HIV-1 transcytosis through epithelial 

cells, suggesting that the presence of such antibodies in mucosal secretions may be a 

powerful mechanism for protection against the sexual acquisition of HIV-1 infection in these 

individuals (Devito et al., 2000). In contrast, broadly neutralizing HIV-specific IgG (2F5, 2G1 

and IgG1b12) do not inhibit viral particles passing through HEC-1 epithelial cells by 

transcytosis in vitro (Chomont et al., 2008). 

 

Contradictory results have been reported in analogous studies on HEPS individuals. 

No HIV-specific neutralizing or binding antibodies of any Ig isotype were found in the 

secretions from various cohorts of individuals (Belec et al., 1989b; Dorrell et al., 2000; Fiore 

et al., 2000; Skurnick et al., 2002). 

 

In contrast, HIV-specific antibodies are present in the mucosal secretions of infected 

patients, mostly of IgG and IgA subtypes (Anderson et al., 1998; Belec et al., 1989a, b; 

Mestecky, 2007; Mestecky et al., 2009; Raux et al., 2000; Wahl et al., 2011). IgA antibodies 

specific for HIV-1 are present at significantly lower frequencies and levels than IgG 

antibodies, in all external secretions (Mestecky, 2007). The findings for SIV-infected rhesus 

macaques are similar (Jackson et al., 1995; Schafer et al., 2002). 

Despite the presence of HIV-specific neutralizing antibodies in mucosal secretions, 

high levels of IgG and/or IgA are generally not associated with lower local viral RNA loads 

(Wahl et al., 2011). Moreover, HIV-specific IgA are detected more frequently in breast milk of 

transmitters, suggesting that they not only fail to protect against oral transmission of HIV-1, 

but that they may indeed enhance transmission (Kuhn et al., 2006). 

 

Thus, the correlates of immune protection against HIV-1 infection have not been 

clearly established. The results and findings reported for the role in HIV-1 sexual 

transmission of specific antibodies present either in mucosal secretions of the transmitter or 

in those of the exposed partner, are contradictory or incomplete or both. 
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The numerous in vitro and ex vivo investigations and in vivo studies with animal 

models (Figure 19) have led to the description of many different mechanisms. This diversity 

of mechanisms potentially involved can be explained by the heterogeneity of the exposed 

mucosal surfaces and of the nature of the virus. It is probable that several, if not all, of them 

are indeed relevant to human HIV infection.  

Physical and chemical barriers that exist on the mucosal frontline are positively or 

negatively influenced by many co-factors, and this may explain why HIV infection has 

became one of the worst pandemics the human species has known, despite the low per-act 

transmission rate. 

 

The very small number of initial founder viruses in each case suggests that few 

infectious events are required to establish infection. Moreover, the infection takes one week 

to become systemic, a period during which the virus is vulnerable and the number of infected 

cells is low. This constitutes a potential target for prevention strategies, or a 
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III. Semen cell-associated virus and prevention of 
mucosal transmission 

A. Partial efficiency of the strategies developed so far 

The numerous attempts to develop an effective vaccine against HIV have failed. To 

date, the best protection conferred by a vaccination methodology was 31.2%, with a 

prime/boost strategy (Thai RV144 trial) (Figure 24). The difficulties and failures encountered 

by efforts to design a protective vaccine against HIV-1 have lead the scientific community to 

re-orientate vaccine studies towards several hitherto neglected aspects. In particular, two 

approaches are being investigated: enhancing innate immunity to achieve a rapid protective 

response independently of a memory process; and stimulating broad adaptive immune 

responses, notably neutralizing antibodies (secretory IgA and IgG), ADCC and cytotoxic T 

lymphocytes (CTL), (Bonsignori et al., 2012; Fuchs et al., 2010; Kim et al., 2010a; Kwong et 
al., 2012). 

 

Other strategies of prevention, such as the use of microbicides (for example 1% 

Tenofovir gel) and oral pre- or post-exposure prophylaxis (PrEP), have been developed. The 

most promising results have come from clinical trials evaluating the efficacy of immediate 

post-exposure prophylaxis and PrEP: HIV transmission was reduced by as much as 96% 

(Figure 24). Mathematical models estimate that over the next 10 years, an effective PrEP 

program might prevent 2.7 3.2 million of the 11 million new HIV-1 infections projected to 

occur in sub-Saharan Africa (Abbas et al., 2007). An effective PrEP program may also 

substantially reduce the incidence of HIV transmission in populations at high risk of infection 

in high income countries, notably the MSM population in the USA (Paltiel et al., 2009). 

However, this potentially significant public health benefit requires a very high PrEP efficacy 

and the benefit might be lost or substantially reduced with if the PrEP efficacy is below 50%. 

In addition, there are several potential problems with long-term exposure to oral ART: 

systemic toxicity, the potential emergence of resistant HIV strains, problems of compliance 

with treatment; non-compliance in particular is likely to greatly reduce efficacy. 

 

Therefore, prevention strategies, like vaccination and the use of microbicides, which 

could be used on a large scale (especially in low income countries), at low cost and without 

any risk of long-term toxicity, are still needed. 
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Figure 24 : Synthesis of the efficacy of different strategies developed in prevention of HIV transmission. 

Adapted from (Ruffin et al., 2012). 

 

Animal models are essential for the process of developing such preventive strategies. 

Both humanized mice and NHP models have been powerful tools for testing the efficacy of 

vaccines and microbicides during pre-clinical trials; however, several discrepancies have 

emerged between the efficacy observed animal models and that reported in human clinical 

trials. They could be due to the limitations of the various models (differences in the 

physiology and structure of mucosal tissues, a lower incidence of genital inflammation in 

animal models than in humans, for example). Indeed, SIVmac251 is genetically more similar 

to HIV-2 than to HIV-1 strains.  

Another possible explanation is that the viral inoculum used in many studies with mice 

or macaques is most of time incomplete, and includes only cell-free particles produced in 

culture supernatants.  

 

More generally, the animal models currently used do not reflect many of the factors 

associated with mucosal transmission of HIV/SIV: 

- The complexity of the molecular composition of semen 

- The pH environment at the time of exposure 

- The specificity of the phenotype and genotype of virus present in semen and 

produced from the mucosa 

- The changes to exposed mucosa with time 
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- The co-factors, which include local microflora and pathogens 

- The immune response to HIV/SIV, including the presence of antibodies in semen 

which may limit or enhance transmission of opsonized viruses 

- The diversity of viral forms, which include both cell-free particles and cell-

associated virus 

 

The following section addresses the evidence for the hypothesis that incomplete 

protection provided by current prevention strategies might be the consequence, in part, of 

inefficacy against infected cells in the inoculum. If it is confirmed that cell-associated virus is 

involved in, or even responsible for, HIV transmission, it will become an important issue for 

the design more efficient prophylactic drugs and approaches. 

 

B. Targeting of cell-associated virus in HIV transmission prevention 

1) Efficacy of the prevention strategies developed against cell-associated 

virus 

Some of the prevention strategies developed and tested in animal models and clinical 

trials may be effective against cell-associated virus. 

 

Clinical trials indicate that PrEP is the most effective approach developed so far to 

reduce HIV incidence, with a protection rate ranging from 44% to 77.9%. The association of 

TDF and FTC, two inhibitors of the viral reverse transcriptase, successfully blocks the viral 

lifecycle at an early step. The treatment is administered systemically, so it can reasonably be 

assumed that most of the HIV target cells in the mucosa are protected from infection by 

either cell-free or cell-associated virus. As a proof of concept, it has been recently 

demonstrated in vitro that antiretrovirals, like zidovudine and TDF, inhibit viral replication 

after cell-to-cell transmission (Permanyer et al., 2012). 

 

The second most successful prevention strategy (with the exception of the protection 

conferred by male circumcision) is the topical application of a 1% tenofovir gel. However, 

the protection is limited, with a maximum of 54% in good adherers. These findings differ from 

those obtained with NHP models and humanized mice, which report high, if not complete 

protection. One major limitation of these models is that the viral challenge used to test the 

efficacy of the gel was limited to cell-free virus stocks. So to date, there is no experimental 
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evidence of whether topical tenofovir application provides significant protection against a 

complete viral inoculum, containing both free particles and infected cells.  

 

TDF inhibits viral replication before the integration of provirus into the host genome, 

and is therefore expected to confer protection against infection if two conditions are fulfilled: 

1) the bioavailability of the drug is high and uniformly distributed within the exposed mucosal 

tissue; 2) that no HIV-positive leukocyte succeeds in disseminating rapidly to the draining 

lymph node, thereby escaping the action of local TDF. However, cell-to-cell virus spread has 

been demonstrated recently as less sensitive to antiretrovirals like TDF and efavirenz than 

cell-free virus transmission in an in vitro coculture system (Sigal et al., 2011). These 

observations need to be confirmed in vivo. 

 

Various microbicides have been developed, and several have been tested for their 

anti-cell-associated virus activity in small animals (except in NHP models). First, Di Fabio et 
al. demonstrated that pre-exposure topical application of a gel containing a non-nucleoside 

reverse transcriptase inhibitor (NNRTI) drug, TMC120, was able to fully protect humanized 

mice against inoculation of the vagina with infected cells (Di Fabio et al., 2003). 

Moench et al. reported in a Feline Immunodeficiency Virus (FIV)-cat model that the 

topical application of a gel containing the detergent Nonoxynol-9 conferred total protection 

against inoculation with a large number of infected T cells either by the vaginal or rectal route 

(Moench et al., 1993). N-9 is indeed able to lyse genital leukocytes in vitro (Hill and 

Anderson, 1992). 

BufferGel® has been reported to inhibit cell-associated vaginal transmission in pre-

treated humanized mice (Olmsted et al., 2005). Indeed, low pH immobilizes and kills 

leukocytes, thereby preventing them contributing to virus transmission. 

Carrageenan has been found to prevent macrophage trafficking from the vaginal 

cavity to lymph nodes and spleen in mice (Perotti et al., 2003). 

 

However, none of these microbicide candidates have been demonstrated to be 

effective in human clinical trials. 

 

Recently, Hope et al. reported promising results with a synthetic mucin-like polymer 

system. This system is designed to mimic certain characteristics of the cervical mucus that 

may be advantageous for microbicide application, without being negatively affected by the 

diluting and buffering action of seminal plasma (Mahalingam et al., 2011). The two major 

components, phenylboronic acid (PBA) and salicylhydroxamic acid (SHA), form a transient 

network at normal vaginal pH. The crosslinking density of this network, and thereby its barrier 
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properties, increase as the pH increases from the vaginal pH (~ 4.0 5.5) to the seminal pH 

(~7.5). This mechanism provides a physical barrier that impedes the transport of 

macrophages, and virions, from semen to the exposed mucosa in in vitro and ex vivo models 

(cervico-vaginal explants).  
 

2) Additional prevention strategies targeting cell-associated virus 

Two of the various mechanisms by which cell-associated virus could transmit infection 

after mucosal exposure may counteract the benefits of topical microbicides:  

 Transmigration of infected leukocytes through the mucosal surface and 

dissemination to sites that are not reached by the drug, 

 Formation of a virological synapse between an infected leukocyte and a 

epithelial resident antigen-presenting cell (Langerhans cell, DC-SIGN+ DC or 

macrophage), leading to a transfer of virions to the APC through lectins and 

migration of the APC to the regional lymph node for cross-presentation of the 

antigen. Also, trancytosis of virions through the epithelium and their uptake by 

underlying APCs may be triggered by virological synapses between the 

infected leukocyte and epithelial cells. 

 

Therefore, these putative mechanisms of HIV transmission need to be taken into 

consideration in the development of microbicide and vaccine approaches. A prophylactic 

agent could neutralize the infected cells in several ways, either by eliminating or at least 

blocking the infected cells before they come in contact with the epithelial surface, or by 

specifically inhibiting their interactions, particularly the virological synapse, with epithelial 

cells and/or target cells (Figure 25). 
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Figure 25 : Potential mechanisms of action targeting cell-associated virus of future microbicide 
strategies. Adapted from (Bhardwaj, 2012). 

 

a. Neutralization of infected cells 
Most of the detergents and membrane-destabilizing agents that have been developed 

fail to demonstrate effective protection in clinical trials, and indeed N-9 even appeared to 

have deleterious effects. Similarly, pH-buffering agents, like BufferGel®, have not given 

encouraging results. More work is needed to develop agents which can inactivate both cell-

free and cell-associated virus, without causing any damage to the underlying mucosa, like 

the synthetic mucin-like polymer system described above (the efficacy of which has not yet 

been tested in vivo). 

 

Good results against free particles, but not cell-associated virus, have been obtained 

with topical application or infusion of neutralizing antibodies targeting HIV env or the CD4 

binding site (Abela et al., 2012; Zhong et al., 2013). Similar strategies involving topical 

application of a cocktail of Abs targeting leukocytes may neutralize infected cells; relevant 

antibodies include anti-CD45, anti-CD4 and anti-CD163 Abs, as well as anti-CD52g, CD52g 

being a seminal plasma antigen found on the surface of all cells in semen (Isojima, 1989). 
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CCR5 inhibition agents, including CCR5 analogs, and Abs targeting CCR5, may 

influence the migration profile of inoculated infected cells, and thereby limiting the risk of their 

dissemination through mucosal tissue (Anderson et al., 2010a) (Figure 26). 

However, agents with anti-inflammatory properties, for example glycerol monolaurate 

that decreases the production of chemotactic molecules, may reduce the risk of migration of 

inoculated infected leukocytes through the epithelial surface. 

 

b. Inhibition of the formation of the virological synapse 
The virological synapse (VS) is a zone of close contact between an infected cell and 

an uninfected target cell, both being CD4+ T cells, macrophages or DCs. As in immunological 

synapses, cells interact with each other through integrins and their receptors (such as LFA-1 

with ICAM, Mac-1 with JAM-C), and CD4 membrane proteins in the target cells bind with the 

viral env on the surface of the infected cell (Sattentau, 2008) (Figure 26). This close 

interaction initiates the budding of newly produced virions and constitutes the most efficient 

route for HIV transmission. Interestingly, it has been reported that cell-to-cell HIV 

transmission via the VS is resistant to the action of neutralizing antibodies targeting HIV 

(Chen et al., 2007). 

 

Thus, to prevent HIV transmission via cell-to-cell contacts, the initial formation of the 

VS must be prevented. Specific Abs targeting major components of the VS, for example, Abs 

targeting LFA-1, Mac-1, ICAM and JAM-C, may inhibit its formation (Anderson et al., 2010a). 

Abs specifically recognizing CD4 may also help prevent the formation of VS, in addition to 

initiating leukocyte neutralization. Effective neutralizing Abs, with broad specificity and 

targeting HIV env, may both neutralize cell-free particles and also inhibit VS formation by 

binding to the proteins expressed on the surface of infected cells (Figure 26). 

 

Also, the attachment of infected leukocytes to epithelial cells, provoking in vitro and ex 
vivo transcytosis of virions through the epithelium, must be prevented by inhibitor agents. 

Aptimers and dendrimers are currently being developed for this purpose (Mumper et al., 
2009; Witvrouw et al., 2000). 

 

Finally, CCR5 analogs, such as PSC-RANTES, Abs targeting CCR5 and fusion 

inhibitors may also inhibit cell-to-cell transmission (Figure 25). 
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Figure 26 : Potential mechanisms for targeting and preventing cell-to-cell transmission of HIV for putative 
microbicide strategies. Adapted from (Sattentau, 2008). 

 

 

To conclude, there is still much work to do to identify and develop potential inhibitors 

of HIV transmission, especially molecules targeting cell-to-cell transmission; there are still 

many candidate that remain to be tested. However, for the vast majority of the new 

prevention strategies currently being developed and evaluated, the issue of the their efficacy 

against cell-associated virus has not been adequately considered or tested. Therefore, there 

is an urgent need for novel, physiologically relevant models for studying cell-associated HIV 

transmission, and in particular for evaluating, during the pre-clinical phase, the efficacy of 

novel strategies for prevention. 

Finally, the scale and geographic distribution of the HIV pandemic is such that 

products and agents used for its control have to be cheap, and compatible with large-scale 

production. This may be a limitation for the development and implementation of some these 

possible strategies (notably the use of Abs as microbicide components). 
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I. Objectives of the study 

Over the past decade, numerous studies have been conducted to understand the 

mechanisms of HIV mucosal transmission. Many potential mechanisms have been proposed, 

and pioneer works on NHP models helped to detailed description of the earliest steps of 

infection (Haase, 2011; Li et al., 2009; Miller et al., 2005; Miller and Shattock, 2003; Veazey 

et al., 1998; Veazey et al., 2001; Veazey et al., 2000b), impossible to investigate in human 

for obvious ethical reasons. As emphasized in the Introduction Chapter, here is growing 

evidence that infected cells may play an important role in HIV mucosal transmission.  

Cell-associated virus is present in 50 to 75% of the ejaculates of infected men, even 

under ART (Bagasra et al., 1994; Ball et al., 1999; Dulioust et al., 1998; Mermin et al., 1991; 

Quayle et al., 1997; Tachet et al., 1999; Xu et al., 1997). However little is known about the 

nature of these infected cells and their dynamics during HIV infection. On the other hand, 

many studies have demonstrated that infected leukocytes are able to transmit infection, in 
vitro, ex vivo and, most of all, in vivo (Anderson et al., 2010a; Salle et al., 2010; 

Zacharopoulos et al., 1997).  

 

However, all the experiments conducted so far in NHP models of HIV/AIDS have been 

using blood cells (PBMCs), spleen cells or even cell lines. These cells may not reflect the 

nature and biology of infected leukocytes present in semen. In addition, viral quasispecies 

seeding the seminal plasma or harbor by semen leukocytes may significant differ from PBMC 

isolated SIV strains or laboratory adapted viruses commonly used in challenge studies.  

 

To date, little is known about the nature and the phenotype of the immune cells that 

are present in the semen of HIV-infected men, and the direct role of semen infected 

leukocytes has not been directly investigated in vivo yet.  

We therefore defined different objectives for this work: 

 To monitor viral shedding in semen in parallel to blood in SIV-infected 

macaques to compare our experimental model with the virological parameters 

of HIV infection; 

 To describe the different immune cells that are present in the semen of 

cynomolgus macaques, to phenotype those that are potential targets for 

HIV/SIV (CD4+ T cells and macrophages mainly) and investigate whether they 

are affected by SIV infection; 
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 To identify the nature of the infected leukocytes present in the semen of SIV-

infected macaques at every stages of infection and quantify the number of viral 

DNA copies present in these cells; 

 To investigate their infectivity in vitro, by co-culturing semen leukocytes with 

cells that are permissive to SIV infection; 

 Finally, to test their capacity to transmit infection in vivo, by inoculating, rectally 

or vaginally, sorted semen leukocytes of SIV-infected macaques to male and 

female macaques. 

 

Another objective of our work was to investigate the presence of SIV-specific adaptive 

responses (antibodies and CD8+ T cells) in the semen of infected macaques and their 

potential role in mucosal transmission of the virus. In parallel to the SIV-specific expression 

of certain molecules by T cells, we measured seminal plasma levels of 28 cytokines, 

chemokines and growth factors, in order to study the inflammatory state which is associated 

with SIV infection in the semen. 
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II. Experimental approach 

A. Infection of cynomolgus macaques with SIVmac251 

1) Use of cynomolgus macaque in HIV/AIDS research 

We used here the experimental model of the infection of cynomolgus macaques with 

SIVmac251 to study the seminal virological and immunological parameters associated with 

HIV infection. Animals were at different stages of infection and displayed a large diversity of 

profiles in viral shedding. We also performed a longitudinal follow-up of SIV-infected 

macaques, from the first week after infection to the chronic stage.  

 

Asian macaques, among them rhesus macaques (Macaca mulatta), pigtail macaques 

(Macaca Nemestrina) and cynomolgus macaques (Macaca fascicularis), have become the 

most commonly used and widely accepted models for studying the transmission and the 

pathogenesis of HIV/SIV infection, as well as for the pre-clinical safety and efficacy testing of 

candidate antiretrovirals, vaccines and microbicides (Anderson, 2010; Brenchley et al., 2010; 

Haigwood, 2004; Hatziioannou and Evans, 2012; Karlsson et al., 2007; Mannioui et al., 2009; 

Miller, 1994; Miller et al., 1989; Veazey et al., 2012).  

 

Differences exist between these different macaque species, regarding the 

pathogenicity of SIVmac251 (or SIVmac239, close to SIVmac251) and the progression to 

AIDS.  

 Rhesus macaques of Indian origin and pigtail macaques are the most 

utilized NHP model for AIDS, especially in the USA. Initially, the SIVmac251 

strain has been isolated from rhesus macaques of Indian descent and is thus 

particularly well adapted to these animals. SIV infection results in high viral 

loads and a rate of disease progression particularly rapid, with minimal animal-

to-animal variation (Hatziioannou and Evans, 2012; Ling et al., 2002; Marthas 

et al., 2001).  

 

 Rhesus macaques of Chinese origin and cynomolgus macaques are more 

commonly utilized in Europe. SIV infection results in both species in a different 

pathogenic profie, with lower setpoint viral loads (Figure 27) and slower 

progression of CD4+ T cells decrease (Hatziioannou and Evans, 2012; 

Karlsson et al., 2007; Ling et al., 2002; Mannioui et al., 2009; Marthas et al., 
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2001). Although rapid progressing models may be more appropriated to give 

results in NHP compatible with lab constrains, we may prefer slower 

progressing models which certainly better mimics HIV infection and AIDS in 

humans. 

 

 

Figure 27 : Blood plasma viral RNA loads in rhesus macaques of Chinese and Indian origin infected with 
SIVmac239 and in HIV+ individuals. Adapted from (Ling et al., 2002). 

 

Cynomolgus macaques of Mauritius origin that we used for this study display the 

immune-genetic particularity to descend from a small founder population, resulting in a 

limited MHC diversity (only 7 MHC haplotypes identified) and thereby in a certain 

homogeneity in infection profiles, particularly during primary stages (Burwitz et al., 2009; 

Pendley et al., 2008; Wiseman et al., 2007). However, heterogenic profiles in viral replication 

control is observed in chronically infected Mauritius cynomolgus macaques, similar to what is 

reported in HIV+ men (Aarnink et al., 2011a; Aarnink et al., 2011b; Karlsson et al., 2007; Mee 

et al., 2009). 

 

2) Use of the pathogenic strain SIVmac251 

The experimental infection of macaques with the pathogenic strain SIVmac251 has 

been extensively described as the best model available to date to study HIV pathogenesis 

and mucosal transmission, as well as to test prevention strategies against HIV-1 infection. 

 

SIVmac strains were first isolated at the New England Primate Research Center, 

(Massachusetts, USA) from rhesus macaques which had been inoculated in the 1970s with 
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tissues from SIV-infected sooty mangabeys, which are natural hosts for SIV (Apetrei et al., 
2006; Daniel et al., 1985). Many strains have been developed from the original strain, in 

particular chimeric viruses engineered to have some HIV-1 gene (mostly Env) (Figure 28). 

 

 

Figure 28 : Origin of the different SIV strains utilized in NHP models for HIV/AIDS. Adapted from 

(Hatziioannou and Evans, 2012). 

 

SIVmac251, an uncloned strain displaying high genetic diversity like HIV-1, is widely 

used for mucosal challenges, with rectal, vaginal or exposure, and studying of the infection 

pathogenesis, whereas SHIV strains are more frequently used for testing prophylactic 

strategies (Hatziioannou and Evans, 2012; Le Grand et al., 1995; Le Grand, 1993; Miller et 
al., 1989; Miller et al., 1992a; Veazey et al., 2012).  

 

SIVmac251 is more genetically related to HIV-2 than to HIV-1. In particular, some 

differences exist concerning the accessory genes (Figure 29) (Hatziioannou and Evans, 

2012). Nevertheless, like most naturally transmitted HIV-1 isolates, SIVmac251 uses CCR5 

as a co-receptor, replicates predominantly in memory CD4+ T cells and express Env 

glycoproteins that are resistant to neutralizing antibodies (Hatziioannou and Evans, 2012). 

Moreover, ongoing replication results in the turnover and progressive loss of CD4+ T cells, 

mainly in mucosal tissues like gut and genital tract (Karlsson et al., 2007; Le Grand et al., 
1995; Le Grand, 1993; Mannioui et al., 2009; Veazey et al., 1998; Veazey et al., 2000a; 

Veazey et al., 2001).  

Commonly used in our laboratory, the virus stocks have been titrated in vivo and used 

many times for mucosal challenges (Karlsson et al., 2007; Le Grand et al., 1995; Le Grand, 

1993; Mannioui et al., 2009). These stocks have been obtained in 1989 from a homogenate 

of splenocytes and PBMCs of a SIV-infected rhesus macaque from the New England 

Primate Research Center (Le Grand et al., 1995). 
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Figure 29 : Genetic discrepancies between HIV-1 and SIVmac strains. Adapted from (Hatziioannou and 

Evans, 2012). 

 

B. Semen sampling by electroejaculation 

Electroejaculation was performed here to collect semen samples. It is a non-invasive 

method to collect semen samples by endorectal sequential electric stimulations (VandeVoort, 

2004). This method is commonly used in the field of animal reproduction, in particular in dog 

and cat (Okano et al., 2009; Zambelli and Cunto, 2006), but is also used in humans suffering 

from spinal cord injuries desiring to conceive a child (Soler and Previnaire, 2011).  

Some authors reported that the obtained sample volume and the concentrations in 

spermatozoa may be reduced in comparison to the technique of electro-stimulation 

(consisting in stimulations using electrodes placed on the penis, performed without 

anesthesia) (VandeVoort, 2004). However, this technique is largely considered as reliable, 

reproducible and safe. 
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I. First article: Semen CD4+ T cells and macrophages are 
productively infected at all stages of SIV infection in 
macaques 

A. Summary 

In this first article, our objectives were 1) to characterize the leukocytes that are 

present in the semen of macaques, and investigate whether they are impacted by SIV 

infection; 2) to identify the nature of the infected leukocytes and their dynamics during 

infection; 3) to assess their infectivity in vitro. 

 

First, we validated the relevance of our experimental model in the study of the impact 

of SIV infection on viral shedding and seminal immune cells dynamics, by measuring by 

quantitative RT-PCR the viral RNA loads in paired blood and seminal plasmas samples in a 

large panel of SIV-infected macaques.  

 

We demonstrated, using multi-parameters flow cytometry, that all the HIV/SIV target 

cells are present in the semen of infected macaques: central memory, activated CD4+ T cells, 

CD4+ macrophages and dendritic cells, including pDCs. These cells express migration and 

adhesion markers (CCR5, CXCR4, LFA-1 and Mac-1 integrins), which may facilitate their 

role in HIV mucosal transmission. 

 

We observed that six pro-inflammatory cytokines and chemokines (IP-10, IL-6, IL-8, 

RANTES, MCP-1) were increased in leukocytospermic animals, as well as increased during 

primary infection and/or correlated to blood and semen viral loads, creating an inflammatory 

state in the seminal plasma which may enhance virus transmission by infected cells. 

 

Finally, we isolated semen CD4+ T cells from HLA-DR+ antigen-presenting cells 

(among them, a great majority are macrophages) by flow cytometry sorting. Using 

quantitative PCR targeting SIV DNA and a co-culture system, we demonstrated that both 

semen CD4+ T cells and macrophages can be productively infected at all stages of infection, 

and are infectious in vitro. 
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Running head:  23	  

SIV-infected T cells and macrophages in semen 24	  

 25	  

Summary 26	  

The mucosal events of HIV transmission have been extensively studied, but 27	  

the role of infected cells present in the genital and rectal secretions, and in the 28	  

semen, in particular, remains a matter of debate. As a prerequisite to a thorough in 29	  

vivo investigation of the early transmission events through infected cells, we 30	  

characterized in detail the changes in macaque seminal leukocytes during 31	  

SIVmac251 infection, focusing on T cells, macrophages and dendritic cells. 32	  

Lymphocytes had a mucosal phenotype and expressed activation (CD69 & HLA-DR) 33	  

and migration (CCR5, CXCR4, LFA-1) markers. Macrophages predominated at all 34	  

stages and expressed CD4, CCR5, MAC-1 and LFA-1. Both CD4+ T cells and 35	  

macrophages were productively infected at all stages of infection. We found that 36	  

primary infection induced strong local inflammation, which was associated with an 37	  

increase in the number of leukocytes in semen, both factors having the potential to 38	  

favor cell-associated virus transmission.  39	  

  40	  
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Highlights 41	  

 42	  

 Semen CD4+ T cells and macrophages are productively infected at all 43	  

stages of infection 44	  

 Semen CD4+ T cells are activated and have a mucosal phenotype 45	  

 Macrophages express virus receptors, coreceptors and migration 46	  

markers 47	  

 Primary infection induces strong local inflammation associated with 48	  

leukocytospermia 49	  

 50	  

Introduction 51	  

More than 33 million people are currently living with HIV/AIDS worldwide. 52	  

Almost 80% of new infections occur through sexual intercourse. Semen is thus one 53	  

of the major factors in HIV transmission. Most studies on HIV sexual transmission 54	  

have focused on the role of cell-free particles, and the underlying mechanisms of 55	  

transmission have been extensively described. Moreover, most attempts to develop 56	  

HIV vaccines and microbicides have focused on blocking cell-free virus transmission. 57	  

The rectal and vaginal exposure of macaques to free SIV particles has been widely 58	  

used in studies of the sexual transmission of HIV and evaluations of the efficacy of 59	  

prophylactic strategies (Haigwood, 2004; Veazey et al., 2012). Most challenge 60	  

studies use viruses produced in vitro in the culture supernatants of human and 61	  

nonhuman primate (NHP) cells. 62	  

However, genital secretions, including semen, contain HIV, in both cell-free 63	  

and cell-associated forms. The prevalence of proviral DNA in semen ranges from 64	  
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21% to 65% in HIV-infected patients, and high levels of viral DNA have been 65	  

associated with high leukocyte counts in semen (Anderson et al., 2010). Moreover, 66	  

leukocytospermia, the incidence of which is higher in seropositive than in 67	  

seronegative individuals (Anderson et al., 2010), has been associated with a high 68	  

degree of semen infectiousness (Politch et al., 2009). This suggests that semen 69	  

leukocytes may also be an important factor to be taken into account when 70	  

considering the mucosal transmission of HIV. In the first few years of the HIV 71	  

epidemic, the hypothesis that HIV could be efficiently transmitted by infected cells, 72	  

through direct cell-to-cell contact, was proposed, as most retroviruses spread in this 73	  

way (Anderson and Yunis, 1983).  74	  

It is now clearly established that HIV does indeed spread through cell contacts 75	  

(Alfsen et al., 2005; Groot et al., 2008). Moreover, in reconstituted mucosal models, 76	  

HIV-infected cells efficiently transmit the virus across epithelial barriers. If the 77	  

epithelial surface is intact, viral translocation involves transcytosis, which is favored 78	  

by viral synapses between productive cells and epithelial cells (Bomsel, 1997; Ganor 79	  

et al., 2010), or direct uptake by local target cells, such as Langerhans cells, 80	  

macrophages and intraepithelial T cells (Ganor et al., 2012; Hladik et al., 2007). We 81	  

and others have demonstrated that the vaginal inoculation of humanized mice and 82	  

macaques with infected leukocytes induces systemic infection. Inoculated CFSE-83	  

labeled cells were found in the vaginal tissue and the draining lymph nodes within 21 84	  

h, suggesting that these cells were able to migrate through the mucosal epithelium 85	  

and to disseminate rapidly (Di Fabio et al., 2001; Salle et al., 2010). 86	  

We have reported that macrophages and CD4+ T cells present in the various 87	  

secretory glands of the male NHP genital tract may efficiently seed the semen with 88	  

free viral particles and infected cells (Le Tortorec et al., 2008). However, semen from 89	  
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NHP is difficult to collect and process, so previous studies made use of spleen cells 90	  

from infected animals (our reported work) or ex vivo infected PBMCs, as semen cell 91	  

surrogates (Di Fabio et al., 2001; Kaizu et al., 2006; Salle et al., 2010). These cell-92	  

associated virus stocks may not be representative of leukocyte-infected populations 93	  

in semen. Indeed, semen leukocytes, like mucosal cells, may have a distribution and 94	  

differentiation and activation phenotypes different from those of blood and spleen 95	  

cells. Therefore, it is of prime importance to thoroughly investigate the nature and 96	  

characteristics of the potential cell transmitters in the semen of NHP, since this model 97	  

is unique to decipher in vivo the early events of HIV sexual transmission. 98	  

Very few studies have focused on the nature and phenotype of the infected 99	  

cells present in semen. There is still no formal proof that these cells can transmit HIV 100	  

across mucosal barriers, and the mechanisms potentially involved have yet to be 101	  

identified. An understanding of the contribution of semen leukocytes to the sexual 102	  

transmission of HIV may have significant implications for prevention strategies. 103	  

We aimed to carry out a more detailed characterization of the infected cells 104	  

present in semen, elucidating their role in mucosal transmission, in the experimental 105	  

infection of macaques with pathogenic SIVmac251 model. We focused on 106	  

characterization of the semen leukocyte populations, the nature of the infected cells 107	  

and their capacity to transmit infection in vitro. We demonstrated that all major viral 108	  

target cells, including CD4+ T cells and macrophages are productively infected at 109	  

every stage of infection. 110	  

  111	  
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Results 112	  

Virus shedding in the semen of SIVmac251-infected macaques 113	  

We assumed that, similarly to men, macaque semen contains various types of 114	  

infectious material, including free viral particles and infected leukocytes, and that 115	  

current challenge studies in NHP models of HIV and AIDS do not fully reproduce the 116	  

conditions of natural transmission. We analyzed the dynamics of free virus shedding 117	  

in macaque semen, in longitudinal and transverse studies in cynomolgus macaques 118	  

infected with pathogenic SIVmac251. As in HIV-infected patients, we found a strong 119	  

positive correlation between blood plasma (PVL) and seminal plasma (SVL) viral 120	  

RNA (vRNA) loads (Spearman r=0.6381, p=0.0001, n=30) (Baeten et al., 2011; 121	  

Coombs et al., 1998; Tachet et al., 1999; Vernazza et al., 1997). After the first month 122	  

of infection, (Fig. 1 A-B), SVL is variable and correlated with PVL. Mean SVL 123	  

remained systematically equal to, or lower than PVL (Fig. 1 B). However, as 124	  

observed in humans, discordant profiles are also observed. 125	  

 126	  

Changes in semen leukocytes in SIVmac251-infected macaques 127	  

We investigated whether semen leukocytes could be infected and play a role 128	  

in the mucosal transmission of HIV/SIV, by carrying out a detailed characterization by 129	  

multiple approaches. We first compared semen cells from uninfected and 130	  

SIVmac251-infected cynomolgus macaques at various stages of infection.  131	  

 132	  

In uninfected animals, the semen contained various amounts of leukocytes, 133	  

the numbers of which were strongly correlated with markers of inflammation (Figure 134	  

2A). Indeed, leukocytospermic individuals had significantly higher concentrations of 135	  

inflammatory cytokines, including IP-10 (p=0.0157)  (p=0.0002), IL-6 136	  
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(p=0.0004), RANTES (p=0.0007), IL-8 (p=0.0007) and MCP-1 (p=0.0089), in seminal 137	  

plasma. The levels of all these molecules, except MIP-138	  

infection (Suppl. Table 1). IP10, Il-8 and RANTES concentrations were significantly 139	  

higher in the seminal plasma of macaques during primary infection than in uninfected 140	  

macaques. The concentrations of IL-8, RANTES, IL-6 and MCP-1 were correlated 141	  

with PVL and/or SVL.  142	  

Macaque semen contains mostly polymorphonuclear cells (PMN, 143	  

CD45+CD11b+HLA-DR-, 26.02% ± 6.70% of total CD45+ cells), macrophages 144	  

(CD45+CD3-CD8-CD11b+HLA-DR+, 22.22% ± 5.06% of total CD45+ cells) and T cells 145	  

(8.15% ± 1.94% CD4+ T cells and 8.11% ± 2.36% CD8+ T cells; Figure 2B, Suppl. 146	  

Fig.1). A small proportion of dendritic cells was also identified, corresponding to a 147	  

mean of 1.87% ± 1.20% of total CD45+ cells (Suppl. Fig. 1). Inflammation affected 148	  

the proportions of macrophages and PMN, with a significant increase of the 149	  

proportion of macrophages among total CD45+ cells (Mann-Whitney test, p=0.0022) 150	  

and a relative decrease in the proportion of PMN (Mann-Whitney test, p=0.0769; Fig. 151	  

2B).  152	  

 153	  

In infected macaques, leukocytospermia was associated with a higher SVL 154	  

than in macaques with small numbers of semen leukocytes (Mann-Whitney test, 155	  

p=0.0372; Fig. 2C). In these animals, the number of CD45+ events was strongly 156	  

correlated with SVL (Spearman correlation, p=0.0008, r=0.6858; Fig. 2D). 157	  

Interestingly, 85.7% (6/7) of infected macaques in the primary phase of infection (10-158	  

14 dpi) displayed leukocytospermia (Mann-Whitney test, p=0.0062), whereas no 159	  

significant difference in the number of CD45+ events acquired was found between 160	  

uninfected and chronically infected macaques (Fig. 2E). The percentages of 161	  
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macrophages and PMN were not significantly affected by infection, but the T cell 162	  

population was significantly modified (Fig. 2F). Semen CD4+ T cells were strongly 163	  

and persistently depleted (2.50% ± 0.78%), from primary infection onwards (Mann-164	  

Whitney test, p=0.0076 and 0.0077, respectively; Fig. 3 C-D). In contrast, the 165	  

proportion of CD8+ T cells tended to be increased by the infection. 166	  

The percentage of CD4+ T cells among total semen T cells was negatively 167	  

correlated with blood plasma viral load (Spearman correlation, p=0.013, r=-0.5323; 168	  

Fig. 3A). Conversely, as expected, the proportions of CD4+ T cells among total CD3+ 169	  

T cells in semen and blood were positively correlated (Spearman correlation, 170	  

p<0.0001, r=0.679; Fig. 3 B).  171	  

 172	  

Macrophages remained detectable in the semen at all stages of infection, with 173	  

no significant change to the mean proportion among total CD45+ cells (Fig. 3D-E). 174	  

However, their frequency in semen was highly variable among individuals (Fig. 3E).  175	  

Finally, CD141+ dendritic cells were also present in low quantity in the semen 176	  

of SIV-infected macaques (Fig. 3F). This population exhibited a tendency to 177	  

decrease during primary infection (14 dpi), although non significantly, as this analysis 178	  

could be performed only in 3 animals due to small proportion of these cells in semen 179	  

(Wilcoxon test, p=0.25, n=3) 180	  

 181	  

We can conclude from this first analysis that all cell types targeted by the virus 182	  

are present in the semen and that significant changes in the numbers occur in 183	  

macaques infected with SIV.  184	  

  185	  
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Infection of semen CD4+ T cells and macrophages 186	  

SIVmac251 DNA, despite being detected at low frequency in total semen DNA 187	  

extracted from spermatozoa and macaque semen leukocytes, could be amplified by 188	  

nested PCR with primer pairs binding to gag (Supp. Fig. 2). Similar results have been 189	  

reported for men infected with HIV (Ghosn et al., 2004; Hamed et al., 1993; Krieger 190	  

et al., 1998; Mayer et al., 1999; Mermin et al., 1991; Quayle et al., 1997; Tachet et 191	  

al., 1999; Van Voorhis et al., 1991; Vernazza et al., 2000; Xu et al., 1997). 192	  

In macaques, sorted CD4+ T cells and macrophages contained SIV-DNA 193	  

(Suppl. Fig. 3), as demonstrated by quantitative real-time PCR (Table 1). SIV-DNA+ 194	  

CD4+ T cells and macrophages were detected as early as 7 dpi, and in 100% of the 195	  

sorted fractions at 10 dpi. During chronic infection (>90 dpi), SIV-DNA remained 196	  

detectable but was below the quantification limit (<30 copies). In general, infected 197	  

cells were more frequently found in the CD4+ T cells fraction and the proportion of 198	  

infected cells among the total sorted cells was higher than the macrophages fraction. 199	  

We also demonstrated, by immunocytofluorescence, that CD45+-enriched 200	  

fractions of semen leukocytes contained T cells (CD3+) and macrophages (CD163+) 201	  

harboring SIV proteins (Fig. 4). These results are consistent with real-time PCR 202	  

results for sorted cells, confirming that both CD4+ T cells and macrophages in semen 203	  

can be infected with SIVmac251. 204	  

Finally, semen leukocytes were found to be productively infected with 205	  

SIVmac251 during both primary and chronic infection. Transmission could be 206	  

achieved, albeit with various degrees of efficacy, with both CD4+ T cells and 207	  

macrophages cocultured with CEMx174 susceptible cells (Suppl. Fig. 4 A-D).  208	  

 209	  

 210	  
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Semen CD4+ T-cell phenotype 211	  

As semen CD4+ T cells were found to be productively infected, we investigated their 212	  

differentiation, activation and migratory profiles, with a view to determining their 213	  

potential contribution to the mucosal transmission of HIV. 214	  

At steady state, most semen CD4+ T cells (94.57%±4.57%) co-expressed 215	  

CD95+ and CD28+ and could therefore be considered to have a central memory 216	  

phenotype (Tcm cells, Fig. 5A), whereas such co-expression was less frequent in 217	  

peripheral blood central memory CD4+ T cells (58.02% ± 8.10, Mann-Whitney test, 218	  

p<0.0001, Fig. 5B). Interestingly, memory CD4+ T cells are the preferential targets of 219	  

HIV, and these cells are also the principal producers of viral particles (Brenchley et 220	  

al., 2004; Mattapallil et al., 2005; Veazey et al., 2000a). 221	  

CD69 expression on Tcm CD4+ cells is an early marker of activation and 222	  

proliferation and HLA-DR is a late activation marker. In uninfected macaques, the 223	  

percentage of CD69+ cells among semen CD4+ T lymphocytes was 26.8 times higher 224	  

than that among blood cmCD4+ T cells, and the percentage of HLA-DR+ cells among 225	  

semen CD4+ T cells was four times that for the corresponding lymphocytes in blood 226	  

(Mann-Whitney test p<0.0001 and p=0.0002 respectively; Fig. 5D). Infection with SIV 227	  

resulted in a significant increase in the proportion of CD69-expressing cells, 228	  

beginning in primary infection (Mann-Whitney test, p=0.042; Fig. 5F). We observed a 229	  

significant, transient decrease in the proportion of HLA-DR+ cells among semen 230	  

CD4+ T lymphocytes at 14 dpi (Wilcoxon matched paired rank test, p=0.031), 231	  

followed by a rapid return to baseline levels.  232	  

We also studied the expression of CCR5 and CXCR4, two major coreceptors 233	  

for HIV/SIV which are also markers of cell migration (Fig. 5G-H). In uninfected 234	  

macaques, semen T cells expressed both CCR5 and CXCR4 on their surface, with 235	  
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CCR5+ cells more numerous than CXCR4+ cells. A small proportion of double-236	  

positive CCR5+CXCR4+ T cells was also detected (5.512% ± 3.301). In infected 237	  

macaques, the proportion of CCR5+ cells was significantly higher among CD4+ T 238	  

cells (1.98 times higher, Mann-Whitney test, p= 0.0022; Fig. 5H). This difference 239	  

probably reflects the activation of T cells. Intracellular staining showed that all cells 240	  

were positive for CCR5 and CXCR4, providing evidence of highly regulated surface 241	  

expression (Suppl. Fig. 5A). 242	  

Finally, we studied LFA-1 expression in semen T cells. This integrin plays a 243	  

crucial role in T-cell adhesion to epithelial cells and migration through mucosal 244	  

tissues. Moreover, LFA-1 has been shown to be an important component of the 245	  

virological synapse, which mediates the efficient cell-to-cell transmission of HIV-1 246	  

(Jolly et al., 2004; Rudnicka et al., 2009 ). LFA- -chain CD11a and 247	  

-chain CD18. All CD4+ T cells express CD11a, but only a fraction of these cells 248	  

express the complete form of LFA-1 (CD11a/CD18; Fig. 5I-J). In our study, most of 249	  

the CD4+ T cells in semen were CD11a+CD18+ (60.60% ± 6.18 at steady state), and 250	  

the proportion of these cells was not affected by SIV infection (Fig. 5J).  251	  

 252	  

Thus, semen CD4+ T cells were highly activated. They expressed CCR5 and had a 253	  

memory phenotype. This profile is typical of mucosal cells (Veazey et al., 2000b), 254	  

and makes semen T cells a potential target for virus infection and replication. These 255	  

lymphocytes also express migratory and adhesion factors, which might strengthen 256	  

virological synapse formation and increase the capacity of the cells to migrate 257	  

towards chemokine-producing tissues and, therefore, the capacity to transmit 258	  

infection.  259	  

 260	  



12/41	  
	  

Semen antigen-presenting cells phenotype 261	  

Macaque semen contains a population of antigen-presenting cells (APCs) that is 262	  

heterogeneous in terms of morphology (using CD45 versus SSC-A) and HLA-DR 263	  

expression (Fig. 3 and Suppl. Fig. 1). We identified two major populations of APCs 264	  

on the basis of the intensity of CD11b expression: a) a population of HLA-265	  

DRbright/CD11bmid-to-bright cells, consisting mostly of macrophages, and b) a population 266	  

of HLA-DRmid-to-bright/CD11b- to mid cells, including dendritic cells. 267	  

Macrophages were the most abundant HIV/SIV target cell in semen. Variable 268	  

intensities of CD163, CD14 and CD11b expression were observed (Fig. 6 A), 269	  

resulting in the definition of three different subsets. The most frequent of these 270	  

subsets was CD163brightCD14bright cells (31.59% ± 3.51 of CD11b+ HLA-DR+ cells), 271	  

74.27% ± 5.01 of which were CD11bbright (Fig. 6B-C). This profile is typical of 272	  

activated macrophages. The second subset was CD163midCD14low cells (27.24% ± 273	  

2.39), and the third was CD163lowCD14- cells (mean 29.26% ± 3.84). This last 274	  

subset, which may also include dendritic cells, contained equal proportions of 275	  

CD11bbright and CD11bmid cells (57.44% ± 6.80 and 53.11% ± 7.06, respectively). The 276	  

proportion of CD11bbright cells in subset 1 was significantly different from those in 277	  

subsets 2 and 3 (Mann-Whitney test, p=0.011 and p=0.003, respectively). All semen 278	  

macrophages expressed CD4 (Fig. 6D-E). We also found no significant difference in 279	  

macrophages CD4 expression between uninfected and SIV-infected macaques (Fig. 280	  

6E). 281	  

Interestingly, HLA-DR expression was found to be downregulated at 14 dpi, 282	  

both on semen macrophages and on CD4+ T cells (Suppl. Fig. 6 B, Fig. 3D). By 283	  

contrast, CD11b had increased (83.70% ± 2.03% of CD11bbright; Wilcoxon test, 284	  

p=0.0313, Suppl. Fig. 6B). The concentrations of the pro-inflammatory chemokines 285	  
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MCP-1, MIP- L-8, which are produced principally by macrophages, also 286	  

decreased transiently at this time point (Suppl. Fig. 6C). These observations indicate 287	  

that the acute peak of SVL is accompanied by major changes to the activation and 288	  

maturation profiles of semen macrophages. 289	  

Semen macrophages strongly expressed CCR5 at the membrane, and this 290	  

expression was not affected by SIV infection (Fig. 6F-G). By contrast, the proportion 291	  

of CXCR4+ cells was significantly higher in infected than in uninfected macaques 292	  

(Mann-Whitney test, p=0.011), although this proportion remained low (2.96% ± 0.31). 293	  

As for CD4+ T cells, almost 100% of semen macrophages contained intracellular 294	  

CCR5 and CXCR4, indicating high levels of turnover for these molecules (Suppl. Fig. 295	  

5B).  296	  

Most semen macrophages expressed LFA-1 (76.93% ± 2.79 at steady state). 297	  

The expression of this molecule was significantly decreased by SIV infection (Mann-298	  

Whitney test, p=0.049; Fig. 6H,J). CD11b+ macrophages also expressed Mac-1 299	  

(49.08% ± 2.678, Fig. 6I - -300	  

chain CD18. The mean proportion of double-positive cells was increased significantly 301	  

(p=0.028) by SIV infection (Fig. 6J).  302	  

 303	  

Discussion 304	  

We report here in a macaque model of transmission the first comprehensive 305	  

characterization of semen leukocytes with the potential to transmit HIV/SIV infection 306	  

across mucosal barriers. This study was carried out with cynomolgus macaques 307	  

infected with pathogenic SIVmac251, which is recognized as the most relevant 308	  

experimental model for studies of HIV infection pathogenesis and mucosal 309	  

transmission (Lackner and Veazey, 2007; Mannioui et al., 2009; Miller, 1994; Salle et 310	  
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al., 2010 ). Macaque semen was found to be very similar to human semen, with 311	  

similar distributions and phenotypes of semen leukocytes in these two species. 312	  

Moreover, the dynamics of viral RNA shedding in the semen of SIVmac251-infected 313	  

macaques was similar to that reported for men. Seminal plasma viral load was 314	  

correlated with blood plasma vRNA, although some discrepancies were observed in 315	  

untreated.  316	  

Leukocytospermia is frequent in humans and macaques and has been 317	  

reported to be associated with higher levels of HIV DNA in humans, suggesting that 318	  

semen leukocytes may contribute to virus transmission across mucosal surfaces 319	  

(Anderson et al., 2010). We show here that the presence of large numbers of 320	  

leukocytes in semen is associated with high levels of inflammation markers (IL-6, IL-321	  

8, MIP- -1, RANTES and IP-10). Concentrations of these cytokines were 322	  

correlated with blood and/or seminal plasma viral load. Interestingly, in SIV-infected 323	  

macaques, leukocytospermic animals had higher seminal vRNA. Moreover, during 324	  

primary SIV infection, the semen is highly inflammatory and contains large numbers 325	  

of macrophages, a major target of HIV.  326	  

As in other compartments, CD4+ T cells were rapidly and profoundly depleted 327	  

in the semen of SIV-infected macaques. These cells have a central memory 328	  

phenotype (CD95+CD28+) and express CCR5, a profile typical of resident mucosal T 329	  

cells (Hladik et al., 1999; Prakash et al., 2001; Veazey et al., 2000a). A large 330	  

proportion of cells expressed CD69, an activation marker observed at all stages of 331	  

infection. If infected, semen CD4+ T cells should be able to produce replicative viral 332	  

particles.  333	  

Despite the high degree of CD4+ T-cell depletion in semen, SIV DNA was 334	  

detected in these cells at all stages of infection. Only a few CD4+ T cells could be 335	  
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sorted from semen, but these cells transmitted the infection when cocultured in vitro 336	  

with a permissive cell line, demonstrating their considerable capacity to produce 337	  

infectious SIV. However, in the context of chronic infection, CD4+ T cells are present 338	  

in very small numbers and therefore probably have a very small impact on virus 339	  

transmission. Further studies are required to confirm this hypothesis.  340	  

In our study, semen macrophages formed a heterogeneous population, with 341	  

different levels of CD163, CD14 and CD11b expression. This population also 342	  

expressed markers of activation and migration. Interestingly, semen HLA-DR+ APCs 343	  

contain SIV DNA at all stages of infection, including the first weeks after infection. 344	  

Moreover, like T cells, these cells were able to transmit infection to CEMx174 cells 345	  

when collected at the primary and chronic stages of infection. Thus, semen APCs are 346	  

also productively infected and produce replication-competent viral particles. 347	  

Macrophages from chronically infected and leukocytospermic individuals are 348	  

therefore major candidates for involvement in cell-associated virus transmission.  349	  

We also identified other types of APC in semen. This is the first study to report 350	  

the presence of dendritic cells (DCs), including pDCs, in the semen of infected 351	  

macaques. More studies are required to characterize semen DCs, particularly for the 352	  

CD141+ CD123- subpopulation. As Langerhans cells have been found in the penile 353	  

mucosa (glans, meatus, foreskin) (Ganor et al., 2010; McCoombe and Short, 2006), 354	  

they would be expected to be present in semen and their role in the dissemination of 355	  

viral particles requires investigation.  356	  

We found that a large proportion of semen CD4+ T cells and macrophages 357	  

expressing CCR5, one of the co-receptors of HIV/SIV. The expression of this 358	  

coreceptor was significantly stronger in infected than in uninfected macaques. This 359	  

predominance of CCR5+ viral target cells might also account for most of the 360	  
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transmitted viral founders, after mucosal exposure, being R5 strains. It also provides 361	  

support for the role of cell-associated virus transmission, because semen leukocytes 362	  

have a migratory and mucosal profile, and are therefore able to migrate to tissues 363	  

producing RANTES, MIP- - , such as the cervico-vaginal mucosa 364	  

(Lehner et al., 2000 ). Furthermore, semen T cells and macrophages express high 365	  

levels of LFA-1 and/or Mac-1 integrins. Both play an important role in leukocyte 366	  

adhesion to epithelial cells and transmigration. LFA-1 has also been described as a 367	  

key player in virological synapse formation and virus transmission (Jolly et al., 2004; 368	  

Rudnicka et al., 2009).  369	  

Taken together, these data suggest that infected semen leukocytes may play 370	  

a major role in mucosal transmission, even if present in very small numbers. This 371	  

hypothesis is supported by the observation that infection may be initiated by a very 372	  

small number of transmission events (Keele et al., 2008; Li et al., 2010; Miller et al., 373	  

2005; Salazar-Gonzalez et al., 2009). Mucus, low pH and natural microbicidal 374	  

molecules secreted by the genital and rectal mucosa may be less effective against 375	  

infected cells than against free viral particles. In this scenario, semen leukocytes may 376	  

act as Trojan horses, protecting cell-associated virus from host mucosal defenses 377	  

(Anderson et al., 2010). 378	  

 379	  

Experimental Procedures 380	  

Animals, infection and sample collection 381	  

Cynomolgus  macaques (Macaca fascicularis), weighing 5 to 11 kg were imported 382	  

from Mauritius and kept according to European guidelines for animal care (Journal 383	  

Officiel des Communautés Européennes, L 358, December 18, 1986). All work on 384	  

animals was carried out in accordance with institutional guidelines and protocols 385	  
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approved by the local ethics committee. Adult males were infected by intravenous or 386	  

intrarectal inoculation with a single dose of 50-5,000 50% animal infectious doses 387	  

(AID50) of SIVmac251 (Karlsson et al., 2007). Semen and blood were collected from 388	  

animals sedated by a 5 mg/kg intramuscular injection of Zoletil®100 (Virbac, Carros, 389	  

France).  390	  

Ejaculation was performed by intrarectal electrostimulation of the prostate, with a 391	  

probe (12.7 mm diameter) lubrified with conductor gel, and an AC-1 electroejaculator 392	  

(Beltron Instrument, Longmont, USA). Sequential stimulations were performed, with a 393	  

pattern of 6 cycles, each cycle consisting of nine two-second stimulations followed by 394	  

a tenth stimulation lasting 10 seconds. The voltage was increased every two cycles 395	  

(1-3 V for the first two cycles, 2-4 V volts for the third and fourth cycles and 6-8 V for 396	  

the last two cycles). If a complete ejaculate had not been obtained after six cycles of 397	  

stimulation, a 7th cycle of stimulation at 7- 10 V was performed. The complete 398	  

ejaculate was immediately diluted in 1.2 ml of phosphate-buffered saline (PBS) and 399	  

centrifuged. 400	  

Blood sample were collected into BD Vacutainer® Plus Plastic K3EDTA tubes (BD 401	  

Biosciences, Le Pont de Claix, France).  402	  

 403	  

Seminal plasma and cell preparation 404	  

Seminal plasma was isolated from total semen immediately after collection, by 405	  

centrifugation for 15 minutes at 775 x g. The seminal cell pellet was resuspended in 406	  

14 ml of complete medium, consisting in RPMI-1640 Glutamax medium (Invitrogen, 407	  

Carlsbad, USA) supplemented with a mixture of penicillin, streptomycin and 408	  

neomycin (Invitrogen) and 10% FCS (Lonza, Allendale, USA), and kept at room 409	  

temperature for no more than one hour. Cells were then centrifuged for 10 min at 410	  
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1,500 x g, filtered through a sieve with 70 µM pores and washed with 5 ml of PBS 411	  

supplemented with 10% FCS. 412	  

 413	  

Blood and semen RNA viral load quantification 414	  

Blood plasma was isolated from EDTA-treated blood samples by centrifugation for 10 415	  

min at 1,500 x g, and stored frozen at -80°C. Seminal plasma samples were 416	  

maintained on ice for no more than one hour and were frozen at -80°C. Semen vRNA 417	  

was prepared from 500 µl of seminal plasma with the QIAamp UltraSens Virus kit 418	  

 RT-419	  

PCR on blood and seminal plasma RNA was performed as previously described 420	  

(Karlsson, 2007, J Virol). The quantification limit (QL) was estimated at 111 copies/ml 421	  

and the detection limit (DL) was estimated at 37 copies/ml. Samples from chronically 422	  

infected macaques on antiretroviral treatment (ART) were treated in the same way, 423	  

increasing the amount of plasma to increase sensitivity (QL and DL of 37 and 12.3 424	  

copies of vRNA/ml, respectively).  425	  

 426	  

Phenotypic characterization of semen leukocytes 427	  

Staining was performed on either whole blood or PBMC. Except for whole-blood 428	  

assays, staining was performed after the saturation of Fc receptors by incubation 429	  

with healthy macaque serum (produced in-house) for 1 h at 4°C. Amine-reactive 430	  

Live/dead® Fixable blue dye (Life Technologies) was used to assess cell viability and 431	  

to exclude dead cell from the analysis. Cells were stained with monoclonal antibodies 432	  

by incubation for 30 min at 4°C, washed in PBS/10% FCS and fixed in CellFIXTM (BD 433	  

Biosciences). Five different antibody panels were used (see Supplementary Table 2). 434	  

Corresponding isotype controls for CD163, CD14, CCR5, CXCR4, CD11a and CD18 435	  
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were used at the same concentrations as the reference antibody. Semen sample 436	  

were considered leukocytospermic if it was possible to acquire a minimum of 50,000 437	  

CD45+ events per ml on flow cytometry. Acquisition was performed on a BD LSRII 438	  

machine equipped with four lasers (355, 405, 488 and 633 nm), with Flowjo v9 (Tree 439	  

Star, Ashland, OR) used for analysis.  440	  

 441	  

Sorting of semen CD4+ T cells and antigen-presenting cells 442	  

Total semen cells were filtered and washed (see above), and then incubated for 15 443	  

min at 4°C with 20 µl of anti-CD45 magnetic beads (Miltenyi Biotec) and washed 444	  

once with 2 ml of cold PBS supplemented with 0.5% BSA and 2 mM EDTA (sorting 445	  

buffer). The CD45+ cell fraction was then enriched by magnetic bead sorting, with LS 446	  

columns (Miltenyi Biotec), used Cells 447	  

were eluted in 4 ml of sorting buffer. Cells were stained as described above, using 448	  

Live/Dead® dye to identify the dead cells, and the same antibodies as for leukocyte 449	  

phenotyping: CD45, CD3, CD8, CD4 and HLA-DR. Cells were washed twice and 450	  

stored at 4°C in PBS/10% FCS. Following the magnetic bead-based enrichment 451	  

process, CD4+ T cells and HLA-DR+ APCs were sorted by simultaneous four-way 452	  

sorting on a FACSAria flow cytometer (BD Biosciences). The enrichment of cell 453	  

fractions was estimated by flow cytometry with BDDiva (BD Biosciences) and FlowJo 454	  

software (TreeStar). 455	  

 456	  

Detection of SIV DNA in the cellular components  457	  

After semen collection and the separation of the cellular components from the 458	  

seminal plasma, the cells were centrifuged and the cell pellet was kept at -80°C until 459	  

further tests. Nested PCR targeting SIVmac251 gag was performed as previously 460	  
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described (Benlhassan-Chahour et al., 2003). Twenty tests were carried out for each 461	  

semen DNA sample. A second amplification was then carried out, as we previously 462	  

described (Le Torterec et al). 463	  

 464	  

After the sorting of CD4+ T cells and macrophages, the cells were washed once in 465	  

PBS and centrifuged for 10 min at 1,500 x g. The supernatant was discarded and the 466	  

dry cell pellets were frozen at -80°C. PCR was derictly performed on cell lysates as 467	  

we previously describe (Mannioui et al). The number of cells was determined by 468	  

amplifying the CCR5 gene (see Supplementary Table 3) with serial 10-fold dilutions 469	  

of SIV-negative PBMCs (starting with 1 million cells) as a standard and a lysate of 470	  

SIV-negative PBMCs and nuclease-free water as the negative control. SIV DNA was 471	  

quantified with serial dilutions over five orders of magnitude of a pCR4-TOPO 472	  

plasmid (Invitrogen) containing the SIVmac251 gag cDNA sequence and diluted in 473	  

SIV-negative PBMCs as the standard. The quantification threshold was 30 SIV-DNA 474	  

copies and the detection threshold varied between 1 and 10 copies of SIV-DNA.  475	  

 476	  

Coculture of sorted semen leukocytes with CEMx174 477	  

After sorting, semen CD4+ T cells and macrophages were washed once with 10% 478	  

FCS in PBS and transferred to a U-bottomed 96-well plate. CEMx174 cells were 479	  

added to each well, the number of cells added being three times the number of 480	  

sorted cells. If this number was below 10,000 cells, we added a minimum of 50,000 481	  

CEMx174 cells per well. Cells were cultured in a final volume of 250 µl of complete 482	  

medium (see above), at 37°C, under an atmosphere containing 5% CO2. The positive 483	  

control was CEMx174 cells cultured with 50 µl of highly concentrated SIVmac251 484	  

particles, and the negative control was CEMx174 cells alone. Cells were passaged 485	  
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three or four days after the initiation of the coculture and then every two or three days 486	  

thereafter. Coculture was stopped after 8 days. At each passage, half the cell 487	  

suspension was replaced with fresh medium. Supernatants and cell pellets were 488	  

cryopreserved at -80°C until further analysis. SIV-DNA and SIV-RNA were quantified 489	  

as described above.  490	  

 491	  

Immunofluorescence staining of cytospun semen cells 492	  

Cells were washed once in PBS, then diluted in a maximal volume of 450 µl and 493	  

cytospun on Superfrost slides at 500T for 10 min, in a Cytospin 4 Cytocentrifuge 494	  

(Thermo Shandon, Thermo Fisher Scientific, Waltham, USA), at a concentration of 495	  

200,000 cells per spot. Cytospun cells were allowed to dry at room temperature for 496	  

two hours and were then fixed by incubation in a mixture of 50% ice-cold methanol 497	  

and 50% ice-cold acetone for 15 min. Slides were then allowed to dry at room 498	  

temperature for 20 min and frozen at -20°C for later use. 499	  

Before staining, the slides were thawed and allowed to dry at room 500	  

temperature for 20 min. They were then washed three times, for 5 min each, in PBS. 501	  

Cells were permeabilized by incubation with 0.025% Triton in PBS for 5 min and the 502	  

slides were then washed three times, for five minutes each, in PBS. Non specific 503	  

binding sites were saturated by incubation for 1 hour at room temperature with 5% 504	  

BSA and 10% macaque serum in PBS. Immunofluorescence staining was performed 505	  

with the following antibodies: anti-CD3 Alexa Fluor 700 (BD Biosciences, clone 506	  

SP34-2), anti-CD163 Alexa Fluor 488 (BD Biosciences, clone GHI/61) and anti-SIV 507	  

nef (NIBSC, Center for AIDS Reagents, clone KK75) and anti-SIV gp41 (NIBSC, 508	  

Center for AIDS Reagents, clone KK7a) both coupled with Alexa Fluor 594, in 10% 509	  

BSA/0.05% Tween 20 in PBS, for 30 min, at room temperature, in a dark chamber. 510	  
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Slides were washed three times with 0.05% Tween 20 in PBS and three times in 511	  

PBS alone. Finally, slides were mounted in ProLong® anti-fade mounting medium 512	  

(Invitrogen) and stored at 4°C until further analysis. 513	  

Images were acquired with a Leica confocal microscope (equipped with 4 514	  

lasers) and analyzed with ImageJ® software. The final images were generated with 515	  

Adobe Photoshop®. 516	  

 517	  

Cytokine quantification in semen 518	  

 Concentrations of IL-6, IL-8, MIP-1  and MCP-1 in seminal plasma were determined 519	  

with the Milliplex® Map Non-Human Primate Cytokine Magnetic Bead Panel - 520	  

Premixed 23-plex (Merck Millipore, Darmstadt, Germany). The concentrations of 521	  

RANTES and IP-10 were determined with a 2-plex Milliplex kit. Assays were 522	  

performed in duplicate, with 25 µl of seminal fluid. Samples were thawed at room 523	  

temperature and centrifuged for 10 min at 1,500 x g to harvest any cellular 524	  

components. Immunoassays 525	  

instructions. Data were acquired with a Bio-Plex Instrument 200 and analyzed with 526	  

Bio-Plex Manager Software version 6.1 (Bio-Rad, Hercules, USA). 527	  

 528	  

Data visualization and statistical analysis 529	  

All data visualization and statistical analyses were carried out with GraphPad 530	  

Prism 5.03 software (GraphPad software, La Jolla, USA). Nonparametric Spearman  531	  

rank correlation tests were used to investigate the relationships between parameters. 532	  

The nonparametric Mann-Whitney test was used to compare groups of macaques, 533	  

and the nonparametric Wilcoxon rank sum test was used to compare data from same 534	  

macaques at different time points, before and after SIV infection. P values of 0.05 or 535	  
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less in two-tailed tests were considered significant, *:p<0.05, **: p<0.01, ***: p<0.001, 536	  

****: p<0.0001. 537	  
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Figure legends 745	  

Figure 1: Viral shedding in blood and semen in SIVmac251-infected macaques 746	  

(A-B) Longitudinal follow-up of RNA viral loads in blood (B) and seminal plasma (C) 747	  

in 8 macaques infected intravenously with high doses of SIVmac251 (5,000 AID50); 748	  

each animal is represented by different dot. The solid black line indicates the mean 749	  

PVL. The dotted horizontal line represents the limit of quantification (111 and 37 750	  

copies/ml in blood and semen plasma respectively). 751	  

 752	  

Figure 2: Semen leukocytes in SIVmac251-infected macaques 753	  

(A) Seminal concentrations of six pro-inflammatory molecules in normal and 754	  

leukocytospermic animals. (B) Proportion of each studied leukocyte subset among 755	  

total CD45+ cells. (C) Semen vRNA load in SIV+ macaques with normal (n=11, ) or 756	  

leukocytospermic (n=8, ) semen. (D) Spearman  correlation between semen RNA 757	  

viral load and the number of CD45+ acquisition events (n=20). (E) Number of CD45+ 758	  

events acquired by flow cytometry, for control uninfected (n=20), and SIV-infected 759	  

macaques, at 10 and 14 dpi (n=7) and during chronic infection. The dotted line 760	  

represents the leukocytospermia threshold (10,000 CD45+ events acquired) (n=13). 761	  

(F) Proportion of each subset among total CD45+ events in SIV- macaques (n=12, ) 762	  

and SIV+ macaques during primary infection (n=7, ) and chronic infection (n=9, ).  763	  

 764	  

Figure 3: Changes in semen T cells, macrophages and DCs during SIV 765	  

infection 766	  

(A) Spearman  correlation between the proportion of CD4+ T cells among total T 767	  

cells in the semen and PVL (n=6 macaques at 14 dpi  , n=15 at chronic stage  768	  

). (B) Spearman  correlation between the proportions of CD4+ T cells among total 769	  
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T cells for semen and blood (n=6 macaques at 14 dpi  , n=15 at chronic stage  770	  

, and n=6 SIV- macaques). (C) RNA viral loads in blood (dotted line, ) and semen 771	  

(dotted line, ) and changes in CD4+ (solid line, ) and CD8+ T-cell proportions (solid 772	  

line, ) during SIV infection; mean and SEM are represented (D) Longitudinal follow-773	  

up of CD4+ and CD8+ T cells, CD11b+ HLA-DRbright macrophages, CD11bbright HLA-774	  

DR- polymorphonuclear cells and CD141+ dendritic cells, including CD123+ pDCs. 775	  

Dot plots from a representative animal infected with 5,000 AID50 IV (E). Longitudinal 776	  

follow-up of CD11b+ HLA-DRbright macrophages in 6 macaques infected with 5,000 777	  

AID50 IV; each line represents an animal (H). Longitudinal follow-up of CD123+ 778	  

CD141+ pDCs in 4 SIV+ macaques.  779	  

 780	  

Figure 4: SIV antigens in semen CD4+ T cells and macrophages  781	  

Immunocytofluorescence staining targeting CD3 (red), CD163 (green) and SIV nef 782	  

(pink) on cytospun CD45+-enriched semen cells from SIV-infected and uninfected 783	  

macaques. 784	  

 785	  

Figure 5 : Semen CD4+ T-cell phenotype 786	  

(A) D Gating of central memory CD4+ T cells (CD95+CD28+) (B) Comparison of CD4+ 787	  

T-cell differentiation markers between blood ( ) and semen ( ) (n=13 uninfected 788	  

macaques). (C) Gating strategy for CD69 and HLA-DR expression. (D) CD69 ( ) and 789	  

HLA-DR ( ) expression in CD4+ T cells in blood (half plain dots) and semen (plain 790	  

dots) from SIV- macaques (n=13). (E) CD69 ( ) and HLA-DR ( ) expression in 791	  

semen CD4+ T cells from SIV- (n=6, empty dots) and SIV+  macaques, at different 792	  

stages of infection (n=10, plain dots). (F) Longitudinal follow-up of CD69 (solid line, ) 793	  

and HLA-DR (solid line, ) expression in semen CD4+ T cells during infection (n=6). 794	  
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Dotted lines represent PVL ( ) and SVL ( ) (G). CCR5 and CXCR4 expression in T 795	  

cells from a representative uninfected macaque. From left to right: contour plots 796	  

representing outliers, overlay of CCR5 and CXCR4 staining (black line) and isotype 797	  

control (solid gray curve). (H) Comparison of CCR5+, CXCR4+ and CCR5+ CXCR4+ 798	  

CD4+ T cells between SIV- (n=6, ) and chronically SIV-infected macaques (n= 6, ). 799	  

(I) Gating strategy for LFA-1 integrin expression. From left to right: contour plots 800	  

representing the outliers, overlay of CD11a and CD18 staining (black line) and 801	  

isotype control (solid gray curve) (J) Comparison of CD11a+ CD18+ (LFA-1) CD4+ T 802	  

cells between SIV- (n=6, ) and chronically SIV-infected macaques (n=7, ). Mean 803	  

and SEM are represented. 804	  

 805	  

Figure 6: Semen macrophage phenotype 806	  

(A) Gating strategy for CD163 and CD14 expression in CD11b+ HLA-DRbright cells. 807	  

(B) Intensity of CD11b expression by subset, in a representative animal. (C) 808	  

Proportion of CD11bbright cells in each subset in 5 SIV- ( ) and 4 SIV+ animals ( ). 809	  

(D) CD4 expression in each subset from a representative uninfected animal. (E) 810	  

Comparison of CD4 expression in each subset between 4 SIV- ( ) and 6 SIV SIV+ 811	  

macaques ( ). (F) CCR5 and CXCR4 expression in a representative SIV- macaque. 812	  

From left to right: contour plots representing the outliers, overlay of CCR5 and 813	  

CXCR4 staining (black line) and isotype control (solid gray curve). (G) Comparison of 814	  

CCR5+, CXCR4+ and CCR5+ CXCR4+ macrophages between SIV- (n=6, ) and SIV+ 815	  

macaques (n= 6, ). (H) Gating strategy for LFA-1 integrin expression. From left to 816	  

right: contour plots representing outliers, overlay of CCR5 and CXCR4 staining (black 817	  

line) and isotype control (plain gray curve). (I) Gating strategy for Mac-1 integrin 818	  

expression. (J) Comparison of LFA-1 and Mac-1 expression by macrophages 819	  
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between 6 SIV- ( ) and 8 SIV+ ( ) macaques. SIV+ macaques were all at chronic 820	  

stage of infection. Mean and SEM are represented. 821	  

  822	  
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Animal ID Days post-
infection Cell type 

Number of 
sorted 
cells 

Number of SIV 
DNA copies 

Frequency of 
positive test 

BB259 

7 

Macrophages 16,763 <LD 0/1 
CD4+ T cells 4,892 1-30 1/1 

BB461 Macrophages 25,288 <LD 0/1	  
CD4+ T cells 6,305 <LD 0/1	  

BB343 Macrophages 2,065 1-30 1/1	  
CD4+ T cells 190 1-30 1/1	  

31047 

10 

Macrophages 6,250 45.95 1/1	  
CD4+ T cells 1,250 680.43 1/1	  

10999 Macrophages 13,100 1-30 1/1	  
CD4+ T cells 2,286 1-30 1/1	  

29860 Macrophages 27,369 1-30 1/1	  
CD4+ T cells 6,494 43.05 1/1	  

31052 Macrophages 3,759 1-30 1/1	  
CD4+ T cells 906 1-30 1/1	  

30602 

28 

Macrophages 12,115 <LD 0/1 
CD4+ T cells 1,002 1-30 1/1 

30690 Macrophages 30,836 <LD 0/1 
CD4+ T cells 8,430 1-30 1/1 

31044 Macrophages 209,059 1-30 1/1 
CD4+ T cells 12,222 66.74 1/1 

30717 

135 
Macrophages 

4,359 <LD 
1/3 140 3,862 1-30 

162 2,853 <LD 
135 

CD4+ T cells 
689 1-30 

3/3 140 298 1-30 
162 759 1-30 

21362R 

135 
Macrophages 

623 <LD	  
0/3 140 286 <LD	  

162 1,037 <LD	  
135 

CD4+ T cells 
73 1-30 

2/3 140 27 <LD 
162 102 1-30 

30838 

244 
Macrophages 

4,004 <LD	  
1/3 249 4,987 <LD	  

271 5,853 1-30	  
244 

CD4+ T cells 
163 1-30	  

3/3 249 130 1-30	  
271 241 1-30	  

Table 1: Quantification of SIV DNA copies in sorted semen CD4+ T cells and 823	  
macrophages at various stages of infection; 824	  
LD: limit of detection. The limit of quantification was estimated at 30 copies. 825	  
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Supplementary figure legends 1	  

S1: Gating strategy for semen leukocyte characterization 2	  

(A) Exclusion of all events other than those for leukocytes; from left to right, doublets, 3	  

cell debris and dead cells are excluded and leukocytes are identified with the pan-4	  

leukocyte marker CD45. (B) The SSC-A versus CD45 gate distinguishes 5	  

lymphocytes from macrophages and polymorphonuclear cells on the basis of 6	  

morphology. (C) CD11b and HLA-DR distinguish HLA-DRbright CD11bmid-to-bright 7	  

antigen-presenting cells from CD11bbright HLA-DRnegative-to-low polymorphonuclear cells. 8	  

(D) CD3+ T cells are gated against HLA-DR, and CD4+ T cells are separated from 9	  

CD8+ T cells. (E) Gating strategy for dendritic cell identification: after gating on CD45 10	  

and SSC-A, all cells positive for theCD3, CD8, CD20 lineage are excluded and HLA-11	  

DRmid to-bright CD11blow-to-negative cells are gated. Cells negative for CD14 and CD163 12	  

are selected, most being CD141+ (BDCA3) dendritic cells, although some are 13	  

CD123+ pDCs. 14	  

 15	  

S2: Detection of SIV-positive cells in the cellular compartment of whole semen 16	  

at all stages of infection 17	  

(A) Nested PCR, by pre-amplification of the whole SIV genome by PCR, followed by 18	  

a second step to amplify the SIV gag region by real-time PCR (B) Percentage of 19	  

positive tests in macaques with primary infection (n=8) and chronic infection (n=14). 20	  

 21	  

S3: Purity of the sorted CD4+ T-cell and macrophage fractions 22	  

(A) Control of the purity of the sorted CD4+ T-cell fraction. (B) Control of the purity of 23	  

the sorted HLA-DR+ macrophage fraction. 24	  

 25	  
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S4: Macroscopic evidence for virus transmission and quantification of SIV DNA 26	  

copies in cocultures of sorted semen CD4+ T cells and macrophages 27	  

(A) Negative (culture medium only) and positive (SIVmac251) controls at 8 days of 28	  

coculture. (B) Coculture with semen macrophages from 1 macaque at 10 dpi 29	  

(#31047) and 2 macaques with chronic infection (#21362R and 30717). (C) Coculture 30	  

with semen CD4+ T cells from 1 macaque at 10 dpi (#31047) and 1 macaque at 35 31	  

dpi (#31044). (D) Number of SIV DNA copies in cells from cocultures of sorted 32	  

semen CD4+ T cells and macrophages with CEMx174 cells (log copy number per 33	  

one million cells). Each dot and line represents one set of conditions. 34	  

 35	  

S5: Intracellular CCR5 and CXCR4 in semen CD4+ T cells and macrophages 36	  

(A) Gating strategy for CD4+ T cells. (B) Gating strategy for macrophages. 37	  

 38	  

S6: Changes to semen macrophages during SIV infection 39	  

(A) Longitudinal follow-up of the mean fluorescence intensity (MFI) for HLA-DR in 40	  

infected macaques (at 14 and 35 dpi, data were available for only 4 macaques). (B) 41	  

Longitudinal follow-up of the proportion of CD11bbright and mid among total CD11b+ 42	  

HLA-DRbright cells (C) Dynamics of seminal plasma MCP-1, Il-8 and MIP-1b 43	  

concentrations, as determined with Luminex technology. (A-C) Dotted lines represent 44	  

PVL ( ) and SVL ( ). 45	  

 46	  

  47	  
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Supplementary table 1: Influence of SIV infection on molecules more abundant 48	  

in leukocytospermic semen 49	  

Molecule 
Uninfected 

macaques (pg/ml) 

Mann-Whitney 

test p control 

versus primary 

infection 

Correlation with PVL Correlation with SVL 

 
Normal 

semen 

Leukocyto-

spermia 
 

Spearman 

correlation 

p 

Spearman 

correlation 

r 

Spearman 

correlation 

p 

Spearman 

correlation 

r 

MCP-1 
3,646 ± 

1,020 

26,775 ± 

4,762 
0.2475* 0.0099 0.5376 0.5820 0.1211 

IL-8 

548.00 

± 

144.30 

7,838 ± 

1,997 
0.0027 <0.0001 0.7445 <0.0001 0.7494 

RANTES 
94.29 ± 

25.34 

355.00 ± 

49.12 
0.0007 0.0004 0.6857 0.0023 0.6031 

IL-6 
14.69 ± 

4.13 

60.20 ± 

11.80 
0.1765 0.0157 0.5082 0.0033 0.5854 

IP-10 
0.36 ± 

036 

15.58 ± 

5.412 
0.0108 0.144 -0.5046 0.0347 -0.6809 

*: Mann-Whitney test p control versus chronic infection. Mean and SEM are specified. 50	  

Normal semen group: n=12, leukocytospermic semen group: n=13. 51	  
  52	  
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Supplementary material 1: Antibodies panel for semen T cells and antigen-53	  

presenting cells phenotyping 54	  

Antibody Fluorochrome Clone Supplier 

Backbone (shared by panels 1-4) 
CD45 PerCp B058-1283 BD Biosciences 
CD3 V500 SP34-2 BD Biosciences 
CD4 PE-Cy7 L200 BD Biosciences 
CD8 V450 BW138/80 Miltenyi Biotec 

CD11b Alexa Fluor 700 ICRF44 BD Biosciences 
HLA-DR APC-H7 G46-6 BD Biosciences 

Panel 1: T cell activation and differentiation 
CD69 FITC FN50 BD Biosciences 
CD95 APC DX2 BD Biosciences 
CD28 ECD 25-0289-73 Clinisciences 

Panel 2: Macrophages characterization 
CD14 V450 M5E2 BD Biosciences 
CD66 FITC TET2 Miltenyi Biotec 
CD163 APC 215927 R&D Systems 
Panel 3: CCR5 and CXCR4 expression on T cells and macrophages 
CCR5 APC 3A9 BD Biosciences 

CXCR4 PE 12G5 BD Biosciences 
Panel 4: LFA-1 and Mac-1 expression on T cells and macrophages 
CD11a PE HI111 BD Biosciences 
CD18 APC 6.7 BD Biosciences 

Panel 5: Macrophages and dendritic cells characterization 
CD45 PerCp B058-1283 BD Biosciences 

CD11b Alexa Fluor 700 ICRF44 BD Biosciences 
HLA-DR APC-H7 G46-6 BD Biosciences 

CD3 V450 SP34-2 BD Biosciences 
CD8 V450 BW138/80 BD Biosciences 

CD20 V450 L27 BD Biosciences 
CD141 (BDCA3) PE 1A4 BD Biosciences 

CD14 FITC M5E2 BD Biosciences 
CD123 PE-Cy7 7G3 BD Biosciences 
CD163 APC 215927 R&D Systems 

 55	  
  56	  
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Supplementary material 2: Primers and Taqman probe specific to cynomolgus 57	  

macaque CCR5 gene 58	  

CCR5 gene amplification 

Forward primer CTG CAG CTC TCA TTT TCC A 

Reverse primer CCC GAG TAG CAG ATG ACC 

Probe ACA AGC AGC GGC AGG ACC AGC C 

 59	  
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Figure 1: Viral shedding in blood and semen in SIVmac251-infected macaques



A. B.

Figure 2: Semen leukocytes in SIVmac251-infected macaques
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Figure 3: Changes in semen T cells, macrophages and DCs during SIV infection
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Figure 4: SIV antigens in semen CD4+ T cells and macrophages 
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Figure 5: Semen CD4+ T-cell phenotype
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Figure 6: Semen macrophage phenotype
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S1: Gating strategy for semen leukocytes characterization
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S2: Detection of SIV-infected cells by nested PCR in cellular components of whole 
semen, at all stages of infection



S3: Purity of the sorted CD4+ T-cell and macrophage fractions
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S4: Microscopic evidence for viral transmission and quantification of SIV DNA 
copies in cocultures of sorted semen CD4+ T cells and macrophages
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S5: Intracellular CCR5 and CXCR4 in semen CD4+ T cells and macrophages
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S6: Changes to semen macrophages during SIV infection
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II. Second article: SIV-specific innate and adaptive 
immune response in the semen of infected 
cynomolgus macaques 

A. Summary 

In this second article, our objectives were to study the anti-SIV innate and adaptive 

immune response in the semen. First, we decided to investigate the antibody response, with 

quantification of SIV-specific IgG and IgA in the semen of macaques at different stages of 

infection. Secondly, the cellular response was studied using ex vivo stimulation of semen T 

cells with or without SIV gag and the intracellular staining with antibodies targeting CD45RA, 

IL-2, IFN- , TNF-  and MIP-1  

 

Furthermore, we reported in the first article the impact of SIV infection and 

leukocytospermia on several seminal cytokines and chemokines (IL-6, IL-8, MIP- -1 

and RANTES). Indeed, these molecules have been described as playing a role in 

inflammation and leukocytes chemotaxis, and therefore a potential role in cell-associated HIV 

mucosal transmission. However, we studied also the seminal levels of 23 other molecules in 

uninfected and SIV+ macaques, which are here fully described. 

 

We detected SIV-specific IgG in the semen of macaques at different stages of 

infection, with no correlation between IgG titers and viral RNA loads in semen. Quantification 

of IgA will be performed soon, as well as neutralization tests to evaluate this functionality in 

seminal SIV-specific antibodies, and to investigate whether the viral RNA shedding may be 

affected by the presence of them. We also observed that the proportion of semen CD8+ T 

cells on total CD45+ leukocytes was significantly increased in SIV+ macaques.  

 

Fifteen cytokines/chemokines were affected by SIV infection: 8 were significantly 

increased in SIV+ macaques (TNF- , IFN- , RANTES, IL-8, IL-15, IL-13, IL-15 and IL-18), 

and 12 were correlated to blood and/or semen viral loads: the pro-inflammatory molecules Il-

1 , IL-6, IL-8, IL-15, IL-18 and RANTES, the Th2 cytokines IL-4, IL-5 and IL-13, and the 

immune-modulatory cytokines TFG- 1-3. 

 

Finally, semen CD8+ T cells displayed a memory and activated phenotype. Moreover, 

the proportion of CCR5+CXCR3+ cells, exhibiting a Th1 profile, was significantly increased by 



100 
 

SIV infection. A minority of macaques displayed SIV-specific CD8+ T cells in semen, which 

did not correlated to seminal viral shedding. 

 

B. Manuscript 
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Abstract 18  

HIV-1 infection is mostly transmitted by sexual exposure, with genital and rectal secretions 19  

being the principal contaminating fluids. The HIV-specific immune response that takes place 20  

in the male genital tract and the semen remains poorly studied. We investigated the innate 21  

and adaptive immune response in the semen of cynomolgus macaques infected by 22  

SIVmac251.  23  

We show that SIV infection induces an inflammatory state in the semen, with an increase of 24  

several pro-inflammatory molecules: IFN- - -10, IL-8, IL-13, IL-15, IL-18 and 25  

RANTES. Six pro-inflammatory molecules (IL-1 -6, IL-8, IL-15, IL-18, RANTES), three 26  

Th2 cytokines (IL-4, IL-5 and IL-13) and TGF- -3 were correlated to semen and/or blood 27  

plasma RNA viral loads. 28  

SIV-specific IgG were detected in most semen samples. Seminal antibodies titers were 29  

generally lower than the blood plasma levels, with a larger variability. We provide here an 30  

extensive characterization of semen CD8+ T cells. They displayed a memory (CD95+) and 31  

activated phenotype (CD69 and HLA-DR), with an important proportion of effector cells 32  

(CD95+CD28-). SIV infection significantly increased the proportion of semen T cells exhibiting 33  

a Th1 profile (CCR5+CXCR3+) A minority of infected macaques displayed a specific and 34  

polyfunctional (IFN- +MIP- +TNF- +/-) CD8 T cell response in semen. Neither SIV-specific 35  

antibodies titers nor cellular response did correlate with local viral shedding. 36  

 37  

  38  
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Introduction 39  

More than 80% of the new worldwide HIV infections occur during sexual intercourse, with 40  

a mucosal transmission of the virus1-3. Mucosal and genital tract tissues represent the major 41  

source of HIV-1 contaminating fluids. In particular, the semen which contains cell-free 42  

particles and infected cells, mostly leukocytes4-6, accounts for a large proportion of HIV 43  

sexual transmission. However, because technical limitations, mechanism of transmission 44  

associated to semen remains largely unknown. Seminal viral load and stage of infection are 45  

correlated with transmission. Different factors are also known to affect semen infectivity like 46  

concomitant genital infections and inflammation, natural antimicrobial molecules -47  

defensins, secretory leukocytes peptidase inhibitor SLPI-, lysozyme, lactoferrin), cytokines 48  

(IL-7)7 and male circumcision8-12. Semen-derived amyloid fibrils have been described as 49  

powerful enhancers of HIV transmission, by capturing virions and promoting their attachment 50  

to target cells13,14. However, very few is known about the actors of innate and HIV-specific 51  

adaptive immune response present in semen and which may limit or enhance viral 52  

transmission.  53  

HIV-specific antibodies may prevent or partially control mucosal HIV-1/SIV entry15,16. In 54  

macaques, systemic and mucosal application of neutralizing IgG succeeded to prevent 55  

infection after intravenous or vaginal inoculation of SHIV17-20. Furthermore, neutralizing HIV-56  

specific IgA have been reported in the semen and vaginal washes from HIV-1 exposed and 57  

seronegative sex-workers, although this remains subject of controversy21,22. HIV-specific non-58  

neutralizing antibodies may also play a protective role through antibody-dependent cell-59  

mediated cytotoxicity (ADCC), induction of viral aggregation, or prevention of viral uptake23. 60  

HIV/SIV-specific antibodies have been described as present in abundant quantities and high 61  

frequencies (81-100%) in the semen of HIV+ men and SIV+ macaques, which are mostly 62  

IgG16,21,24. However, their ability to neutralize the virus and induce ADCC, remains poorly 63  

investigated25. 64  
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Whereas the role for cell-mediated immunity in reducing HIV replication and killing the 65  

infected cells has been fully established26, very few studies have assessed the presence of 66  

HIV-specific CD8+ T cells and their functionality in semen27-30. Sheth et al. reported that HIV-67  

specific CD8+ T cells in semen do not correlate with reduction of local virus shedding31. 68  

Nevertheless, it remains unclear whether the presence of HIV-specific polyfunctional 69  

cytotoxic cells in the semen may have an impact on the local shedding of viral particles or 70  

infected cells and on HIV transmission. 71  

Here we focused on the innate and adaptive immune response in the semen of SIV 72  

infected macaques we used as a model of HIV infection and AIDS. We studied dynamics of 73  

seminal viral load, cytokine levels, SIV-specific antibodies and CD8+ T cells. Inflammation 74  

was associated with SIV acute infection. Pro-inflammatory cytokines/chemokines and Th2 75  

cytokines concentrations correlated with blood and semen plasma viral loads. This was not 76  

the case for levels of SIV-specific antibodies. A minority of macaques displayed strong, 77  

polyfunctional response, which was not associated with reduced viral shedding in semen. 78  

 79  

 80  

  81  
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Results 82  

Virus shedding and cytokine profiles in semen of SIVmac251 infected macaques  83  

Viral shedding, as HIV cell-free particles and infected cells, has a major impact in the 84  

infectivity of semen. We and others hypothesized that seminal levels of inflammatory 85  

ctokines cells may impact on HIV mucosal transmission.  86  

We measured these parameters in paired blood and semen samples of macaques 87  

infected intravenously with 5,000 animal infectious dose 50% (AID50) (Fig. 1A-C). Blood and 88  

semen viral RNA (vRNA) levels are strongly correlated (Spearman test, p<0.0001, r=0.7643, 89  

n=30). Viral load peaked at 10 days post infection (dpi), followed by a rapid decrease and a 90  

stabilization in both compartments at 3 months post-infection (Fig. 1A).  91  

The seminal plasma levels of 28 cytokines and chemokines were measured by Luminex 92  

assay (Table 1, Fig. 2A). VEGF, active form of TGF- -3, MCP-1 and IL-8 were present at 93  

high levels (mean superior to 1,000 pg/ml). A significant increase (p<0.05) of several pro-94  

inflammatory and immunomodulatory molecules was observed in SIV infected macaques 95  

(Fig. 2B). IP-10 was increased during both primary and chronically stages of infection (Mann-96  

Whitney test, p=0.0108 and 0.0072, respectively). Interestingly, two peaks of TNF-97  

observed, at 14 and 87 dpi, with different profiles among the 6 tested macaques (Fig. 2F). IL-98  

13, IFN- -18, RANTES, IL-15 and IL-8 were increased only at 10 and 14 dpi (Mann-99  

Withney test, p=0.0378, 0.0229, 0.0003, 0.0007, 0.0014 and 0.0027, respectively). Moreover, 100  

6 pro-inflammatory cytokines (Il-1 -6, IL-15 and IL-18) and chemokines (IL-8 and 101  

RANTES) correlated with both PVL and SVL (Fig. 2C and Suppl. Fig. 2A-F). The same 102  

correlation profile was observed with three main Th2 cytokines: IL-4, IL-5 and IL-13 (Suppl. 103  

Fig. 3A-C) and TGF- -C), whereas none of the main Th1 cytokines 104  

(IFN- - -2) were associated with viral loads (Fig. 2 E).  105  

 106  
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SIV-specific IgG and T cells dynamics in the semen of SIVmac251 infected 107  

macaques 108  

SIV-specific IgG were detectable at low levels after 35 dpi in blood and semen (mean titer 109  

of 57.15 ± 17.22 and 41.08 ± 28.17, respectively). At chronic stage, IgG titers were 110  

significantly higher (Mann-Whitney test, p=0.0317) in blood (mean titer of 1880 ± 770.4) than 111  

in seminal plasma (200.9 ± 138.0, ;Fig. 1B).  112  

A large diversity of profiles in SIV-specific IgG titers was observed in blood and semen 113  

(Fig. 1D-E). The sensitivity of the ELISA we used to measure antibody titers was higher in 114  

blood serum than in seminal plasma which induces a higher background. A few macaques 115  

displayed close titers in both compartments, whereas blood titers were much higher than 116  

117  

in the two compartments were observed in one macaque (#30838) displaying constant high 118  

viral shedding in blood 119  

; 120  

found any correlation between SIV-specific IgG titers and viral loads in the two 121  

compartments, at any stage of infection.  122  

 123  

Proportions of semen T cell were strongly affected by SIV infection, with a rapid, 124  

significant and durable depletion of CD4+ T cells ( Wilcoxon matched-pairs signed rank test, 125  

p=0.0313 at 14) (Fig. 1C). These data confirms that macaques infected with SIVmac251 126  

recapitulates what has been described in human HIV patients21. A depletion of CD4+ T cells 127  

was found, as expected, in peripheral blood, but no significant increase of the percentage of 128  

CD8+ T cells on total blood CD45+ cells was observed (Fig. 1G). Interestingly, the 129  

percentage of semen CD8+ T cells in total semen CD45+ cells correlated with blood viral RNA 130  

load  (Spearman correlation, p=0.0364, r=0.4825) at chronic stage (Suppl. Fig. 1A), whereas 131  
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+ T cells (Suppl. Fig. 1B). This suggests that 132  

blood and semen T cells undergo different dynamics in the two compartments. 133  

 134  

Thus, SIV infection induces SIV-specific IgG in semen, with a large diversity of profiles 135  

among individuals, as well as important changes in T cells dynamics. Moreover, infection is 136  

associated with inflammation in SP, especially during the first weeks of infection, with pro-137  

inflammatory molecules levels correlating to seminal viral shedding.  138  

 139  

Phenotype of semen CD8+ T cells 140  

As most of the cytokines which are increased in semen of SIV+ macaques are known to 141  

induce T cells activation, we pursued by phenotyping semen T cells and studying the specific 142  

responses to SIV. Since CD4+ T cells are severely depleted in infected macaques, and 143  

thereby not in sufficient quantities to perform significant analysis, we focused on CD8+ T cells 144  

only and the SIV-specific Th1 response (Fig. 3).  145  

In macaques, CD95 and CD28 are commonly used in flow cytometry analysis to 146  

discriminate naïve (Tn, CD95-CD28+) from central memory (Tcm, CD95+CD28+) and effector 147  

memory (Tem, CD95+CD28-) T cells (Fig. 2A). In contrast with peripheral blood, semen CD8+ 148  

T cells were all of memory phenotype (CD95+), with a mean of 59.42% ± 3.71 of Tcm cells 149  

and 38.17% ± 3.23 of Tem cells, with no difference between non infected and SIV+ 150  

macaques (Fig. 3A, Suppl. Fig. 5). The expression of CD45RA by memory cells is 151  

considered as a marker of highly, end stage, differentiation, as reviewed in 32. We observed a 152  

low proportion of CD45RA+ CD8+ T in uninfected macaques  semen (mean of 6.20% ± 3.04), 153  

in contrast with peripheral blood (mean of 82.00% ± 3.70; Suppl. Fig. 5B). In SIV+ 154  

macaques, CD45RA+ cells were increased, however without reaching a significant difference 155  

(Mann-Whitney test, p=0.16). 156  
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We studied the expression of CD69 and HLA-DR, two T cells activation markers 157  

commonly described to be increased by HIV/SIV infection. The proportion of CD69 and HLA-158  

DR positive CD8+ T cells was much higher in semen than in blood (with an increase of 12.22- 159  

and of 5.85-fold for CD69 and of 3.56 and 4.52-fold for HLA-DR in both subsets, respectively; 160  

Suppl. Fig. 5C). The proportion of CD69+ cells was increased in semen of SIV+ animals in 161  

both, Tcm (Mann-Whitney test, p=0.06) and Tem (p=0.0046) subsets, (Fig. 3C), whereas in 162  

blood, increase was only observed for Tem cells (Mann-Whitney test, p=0.0292, Suppl. Fig. 163  

5E). A durable increase in the proportion of CD69+ cells was observed in 8 infected 164  

macaques followed longitudinally (Fig. 3D). Moreover, the proportion of CD69+ cells in both 165  

Tcm and Tem CD8+ cells was correlated between blood and semen (Fig. 3E). In contrast, the 166  

percentage of HLA-DR+ cells in semen was not affected by SIV infection, although it was the 167  

case in blood Tcm cells (Mann-Whitney test, p=0.0091, Fig. 3C, Suppl. Fig. 5E). 168  

CCR5 and CXCR3 are receptors for the chemokines RANTES, MIP- -169  

and IP-10 and MIG (CXCR3). Their expression on the cell surface of T cells will trigger their 170  

migration to tissues expressing a gradient of these chemokines, as cervico-vaginal and gut 171  

mucosa. Moreover, CCR5+CXCR3+ T cells have been associated with a Th1 profile33,34. At 172  

steady state, semen CD8+ T cells are of 21.97% ± 4.77 CCR5+, of 73.00% ± 4.59 CXCR3+ 173  

and of 17.75% ± 4.04 CCR5+ CXCR3+. Interestingly, SIV infection induces a significant 174  

increase in the proportion of CCR5+ and CCR5+ CXCR3+ cells (Mann-Whitney test, p=0.0022 175  

for both subsets, mean of 67.17% ± 4.94 CCR5+ and of 53.68% 4.65 CCR5+ CXCR3+ cells, 176  

respectively). This suggests that, in SIV+ macaques, a majority of semen CD8+ T cells 177  

display Th1 profile. This is consistent with capacity of Th1 T cells to home into inflammatory 178  

tissues35. Finally, LFA- - -chain CD18, is a 179  

major marker of adhesion and transmigration of T cells (Fig. 3G) 36. Semen CD8+ T cells 180  

displayed a high expression of this integrin, with 100% of cells positive for CD11a and a 181  

mean of 40.33% ± 8.68 LFA-1+ cells. SIV infection slightly increased the proportion of LFA-1+ 182  

cells(mean of 54.50 ± 8.70, Mann-Whitney test, p=0.3823). Thus, at steady state, semen 183  
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CD8+ T cells display a memory, activated profile. These cells are all CD95+, expressing 184  

CD69, HLA-DR, CXCR3 and LFA-1 in large proportions and CCR5 in to a lower extent. This 185  

profile is typical of mucosal T cells 37,38. SIV infection induces considerable changes in their 186  

phenotype, as well as in their dynamics: the proportion of CD69 and CCR5 positive cells is 187  

significantly increased, which is consistent with a boost of their activation. Interestingly, the 188  

expression of CD69, an early activation marker increased with HIV/SIV infection, in CD8+ T 189  

cells is correlated between blood and semen cells, with a higher proportion of positive cells in 190  

the seminal compartment. Furthermore, a majority of cells are of CCR5+CXCR3+ Th1 profile. 191  

Therefore we followed our work by a characterization of the SIV-specific CD8+ T cells 192  

response. 193  

 194  

Semen SIV-specific CD8+ T cells response 195  

We performed a 5 hours ex vivo stimulation with a pool of SIV Gag peptides on semen 196  

and peripheral blood mononuclear cells to assess and quantify the presence of SIV-specific 197  

CD8+ T cells. We assayed on seven chronically infected macaques the intracellular 198  

expression of 4 cytokines expressed by activated, HIV-specific CD8+ T cells in human 39-41: 199  

IFN- - IL-2 and MIP- (Fig. 4A). No significant expression of IL-2 was detected, 200  

neither in blood nor in semen. The majority of animals (4 of 7) displayed no SIV-specific 201  

response in both compartments (Fig. 4A and Suppl. Fig. 7A-B). In two macaques (#31044 202  

and #30690), the proportion of SIV-specific cells was much higher in semen than in blood  203  

The animal #31044, displayed a high proportion of SIV-specific CD8+ T cells in blood and 204  

semen, and express all 3 cytokines, IFN-  (0.352% of IFN- + cells in blood, and 4.28% in 205  

semen), TNF- (0.169% of TNF- + cells in blood and 1.57% in semen) and MIP- (0.681% 206  

of MIP- + cells in blood, and of 5.87% in semen). Four types of SIV-specific cytokines 207  

producing cells were observed: a majority of IFN- +MIP- +TNF- - and IFN- -MIP- +TNF- - 208  
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cells, followed by IFN- +MIP- +TNF- + (highly polyfunctional) and finally of  IFN- +MIP- -209  

TNF- - cells, with the same distribution in CD45RA positive and negative cells.  210  

The animal #30690 also showed a significant response for the 3 cytokines upon Gag 211  

peptides stimulation in both compartments. Seminal cells were in a large majority Ag-212  

experienced polyfunctional cells expressing CD45RA+IFN- +MIP- +TNF- + (11.07% of 213  

positive Gag-stimulated cells (Fig. 4A-B). Interestingly, a basal, production of these cytokines 214  

is also observed in non SIV-specific semen CD8+ T cells (4.92% of positive non-stimulated 215  

cells). This suggests that local environment, and high levels of cytokines we observed, may 216  

account for chronic activation of CD8+ T cells seeded in semen. For both of these 217  

macaques, the SIV-specific response displayed the same dominant profiles in blood (Suppl. 218  

Fig 7A): a majority of CD45RA-IFN- +MIP- +TNF- - cells (0.22% and 0.11% of positive cells 219  

for #30690 and #31044 respectively), and of CD45RA-IFN- -MIP- +TNF- - cells (0.18% and 220  

0.09% of positive cells for #30690 and #31044, respectively). The proportion of these SIV-221  

specificities was much lower in blood than in semen. 222  

The animals #OBCS5 and #30742, excluded from analysis because insufficient CD8+ T 223  

cells acquired from semen sample, displayed the highest SIV-specific responses in blood 224  

CD8+ T cells (Suppl. Fig 7A). Among these SIV-specific cells, #OBCS5 displayed a majority 225  

of CD45RA+IFN- -MIP- -TNF- + (0.14%), whereas #30742 had a majority of CD45RA+IFN-226  

+MIP- +TNF- - (0.53%), CD45RA+IFN- +MIP- +TNF- + (highly polyfunctional cells) 227  

(0.26%) and CD45RA+IFN- -MIP- +TNF- - (0.19%). Both displayed low PVL (#OBCS5: 228  

2.35 log10 copies/ml and #30742: 2.02 log10 copies/ml) and undetectable SVL. Animal 229  

#OBCS5 was of MHC-M6 haplotype, which has been associated with a high control of 230  

viremia in SIV+ cynomolgus macaques 42, and had controlled viremia for years.  231  

For each compartment (blood and semen), the proportion of IFN- +, TNF- +, and MIP- + 232  

cells was not correlated to control of vRNA load (PVL or SVL, respectively). However, in 233  

semen, the macaques with the highest SIV-specific responses in CD8+ T cells displayed the 234  
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highest SVL (Fig. 4C). The same trend was observed in blood, with the exception of one 235  

macaque (#30742), which had the highest proportion of cells positive for the three cytokines 236  

and the lowest BVL (Fig. 4C).  237  

Thus, the diversity of SIV-specific Th1 response we observed in semen CD8+ T cells is 238  

consistent with what we observed on the TNF- whereas some macaques 239  

responded strongly In both compartment, the majority of 240  

SIV-specific cells display high polyfunctionality, with concomitant expression of at least two of 241  

the three cytokines IFN- - - The presence of SIV-specific CD8+ T cells in 242  

semen seems to be positively related to SVL, although results from more animals are 243  

needed to confirm this observation. In blood, the two macaques displaying the best control of 244  

their viremia also had the highest proportion of SIV-specific IFN- - + 245  

T cells.  246  

  247  
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Discussion 248  

We report here a comprehensive characterization of semen SIV-specific adaptive immune 249  

response in macaques we used as a model of HIV/AIDS42-45,46 43-46,47 . Dynamics of viral RNA 250  

loads and SIV-specific IgG in the blood and semen of SIVmac251-infected macaques were 251  

similar to what reported for men6,48,49. Moreover, semen T cells were strongly affected by SIV 252  

infection, with a rapid and profound depletion of CD4+ T cells and a parallel significant 253  

increase of the proportion of CD8+ T cells on the total semen CD45+ leukocytes population. 254  

Such observations have been also described in human patients50,51. Interestingly, whereas 255  

CD4+ T cells depletion was observed in blood and in semen, the strong increase in the 256  

proportion of semen CD8+ T cells n total leukocytes in infected macaques, which correlated 257  

with BVL and not SVL, was not observed in peripheral blood. 258  

We studied the SIV-specific antibodies levels in paired blood and semen samples in 259  

macaques at different stages of infection. SIV-specific IgG were detected in almost all semen 260  

samples, generally at lower levels that in serum. Interestingly, viral RNA loads and SIV-261  

specific IgG titers did not correlate in both compartments, suggesting that the local humoral 262  

response fail to control viral shedding. This is consistent with the observation made in human 263  

patients whose systemic antibody response to HIV following infection is mostly ineffective, 264  

with an early B-cell response being largely directed against non-neutralizing epitopes of HIV 265  

envelope. Response during late stages is impaired by B-cell aberrant hyperactivation and 266  

abnormalities52-54. Further functional assays needs to be performed to investigate the impact 267  

of semen SIV-specific IgG on SIV transmission. Indeed, although a few studies reported the 268  

presence of neutralizing antibodies21,55, mostly IgA, seminal HIV-specific antibodies activity 269  

remains poorly described. Interestingly, studies on HIV controllers reported a higher level of 270  

antibodies with ADCC activity than in progressor patients56. Therefore it would be also 271  

interesting to evaluate ADCC activity in semen SIV-specific antibodies in infected macaques, 272  

and investigate whether it might be associated with local viral shedding. 273  
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HIV/SIV infection is associated with an increased systemic production of cytokines and 274  

chemokines. In particular, acute infection induces a so-275  

elevated levels of numerous molecules (Il- -6, IL-8, IL-12, IL-15, IL-18, TNF-276  

MIP- -1, MIP- -10, IFN- )57-62. Some of them are also elevated in the 277  

seminal plasma of chronically infected men59,60,63-65, although their dynamics in the course of 278  

infection have been poorly studied. We provide here one of the first extensive studies of the 279  

influence of the different stages of SIV infection on the seminal proteins network. Many 280  

molecules correlated to PVL and/or SVL: pro-inflammatory molecules (Il- -6, IL-8, IL-15, 281  

IL-18, RANTES), Th2 cytokines (IL-4, IL-5, IL-13) and the immunomodulatory cytokine TGF-282  

283  

well as to initiate T cells effector functions. They may both impact the leukocytes that are 284  

present in the semen 285  

efficacy of virus transmission.  286  

Since cell-mediated immunity plays a major role in controlling HIV replication and killing 287  

the infected cells26, we investigated the SIV-specific CD8+ T cells response in semen, and its 288  

potential role in HIV/SIV transmission. We found that all semen CD8+ T cells display a 289  

memory phenotype (CD95+), with similar proportions of central memory and effector memory 290  

cells, whatever the status of infection. However, the expression of CD45RA, a marker of 291  

terminal differentiation by memory cells, increases in infected macaques. Semen CD8+ T 292  

cells displayed an activation profile, with a higher proportion of CD69+ and HLA-DR+ cells 293  

than in peripheral blood. Besides, the proportion of CD69+ cells was increased in SIV 294  

infected macaques in both compartments, particularly in effector cells, as it has been 295  

previously described in HIV+ men66 and SIV+ macaques67. The percentage of positive cells 296  

correlated between blood and semen T cells, in favor with a generalized immune activation in 297  

SIV-infected macaques. Furthermore, SIV infected macaques displayed high proportions of 298  

CCR5+ and CCR5+CXCR3+ cells, a phenotype associated with Th1 effector profile33,34. 299  

Altogether, these observations strongly suggest that semen CD8+ T cells are of mucosal 300  



14/29 
  

origin and undergo strong modifications in their activation profile and effector function in 301  

infected animals. The role of such effector T cells in the semen and whether their excretion is 302  

active or passive remain unclear. Interestingly, activated, cytotoxic (TIA-1+) CD3+ T cells 303  

infiltrates have been described along the male genital tract (mostly in the prostate, seminal 304  

vesicles and epididymis) of SIV-infected macaques displaying high viremia68. Semen CD8+ T 305  

cells may originate from these cellular infiltrates of the different semen-producing organs, 306  

and therefore reflect the inflammatory status within the male genital tract. If this hypothesize 307  

is confirmed, the activation profile of semen T cells may be used as a marker of the 308  

peripheral immune activation that is largely described in HIV+ individuals.  309  

 310  

CD8+ T cells play an important role in controlling HIV/SIV replication and disease 311  

progression. Moreover, the presence highly polyfunctional T cells has been reported in elite 312  

controllers and long-term nonprogressor HIV patients39,40. Interestingly, the two studied 313  

macaques displaying the strongest control viral replication had the highest polyfunctional 314  

enough numbers of semen T cells to 315  

perform the analysis316  

detectable SIV-specific T cell response, with the exception of two animals. Both had a high 317  

proportion of IFN- - - , with a majority of polyfunctional cells. 318  

Their responses were about 10-fold higher in semen than in peripheral blood. Importantly, 319  

this high SIV-specific response in semen was associated with an elevated local viral 320  

shedding. This suggests that the SIV-specific T cells do not significantly impact virus 321  

replication. Given the small number of studied macaques, no significant trend in the relation 322  

between specific T cell response and local viral shedding was reached. We therefore need to 323  

increase the number of animals in this study. Moreover, it would be highly interesting to 324  

assess if semen SIV-specific T cells are able to kill semen infected cells, and thereby to 325  

impact semen infectivity.  326  
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 327  

Taken together, our results suggest that the semen SIV-specific adaptive immune 328  

response, including antibodies and CD8+ T cells effector function, does not impact on the 329  

local viral shedding. Further neutralization and cytotoxicity assays need to be done to 330  

evaluate their potential impact on semen infectiousness.  331  

 332  

  333  
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Material and Methods 334  

Animals, infection and samples collection 335  

Cynomolgus  macaques (Macaca fascicularis), weighing 5 to 11 kg were imported from 336  

Mauritius and kept according to European guidelines for animal care (Journal Officiel des 337  

Communautés Européennes, L 358, December 18, 1986 and new directive 63/2010). All 338  

work related to animals was in compliance with institutional guidelines and protocols 339  

approved by local ethical committee. Adult males were infected by intravenous or intrarectal 340  

inoculation of 50-5,000 animal infectious doses 50% (AID50) of SIVmac251 isolate (Karlson 341  

et al). Semen and blood were collected in sedated animals with 5 mg/kg intra-muscular 342  

injection of Zoletil®100 (Virbac, Carros, France).  343  

Electroejaculation was performed by intrarectal electrostimulation of prostate, using a 344  

probe (12.7 mm diameter) lubrificated with conductor gel, and an AC-1 electroejaculator 345  

(Beltron Instrument, Longmont, USA). Sequential stimulations were performed with a pattern 346  

of 6 cycles, each cycle of 9 stimulations of 2 seconds followed by a tenth stimulation lasting 347  

10 seconds. Voltage is increased every two cycles (1-3Vfor the 2 first, 2-4V volts for series 3-348  

4, 6-8V for series 5-6). If no complete ejaculum was obtained after 6 cycles of stimulations, a 349  

7th cycle at 7- 10V was performed. Complete ejaculum was immediately diluted in 1.2 ml of 350  

phosphate buffer saline (PBS) and spinned 1. 351  

Blood samples were taken in BD Vacutainer® Plus Plastic K3EDTA tubes (for plasma viral 352  

load quantification and in BD Vacutainer® Plus Plastic SST tubes (for serum preparation) 353  

(BD Biosciences, Le Pont de Claix, France).  354  

 355  

Seminal plasma and cells preparation 356  
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Seminal plasmas were isolated from total semen immediately after collection by spinning 15 357  

minutes at 775 g. After separation from seminal plasma, seminal cells were diluted in 14 ml 358  

of complete medium, consisting in RPMI-1640 Glutamax medium (Invitrogen, Carlsbad, 359  

USA) supplemented by a mixture of Penicillin, Streptomycin and Neomycin (Invitrogen) and 360  

10% FCS (Lonza, Allendale, USA), and kept at room temperature during 1 hour maximum. 361  

Cells were then spinned 10 min at 1,500g, filtered through a 70 µM sieve and washed with 5 362  

ml of PBS supplemented with 10% FCS. 363  

 364  

Blood and semen RNA viral load quantification 365  

Blood plasma was isolated from EDTA blood sample by spinning 10 min at 1,500g, and 366  

cryopreserved at -80°C. Seminal plasma were maintained on ice for 1 hour maximum and 367  

cryopreserved at -80°C. Blood viral RNA was prepared from 250µL of cell-free plasma using 368  

the kit Nucleospin 96 RNA kit (Macherey Nagel GmbH&Co KG, Düren, Germany), according 369  

-transcription and cDNA amplification and 370  

quantification was performed in duplicate by RT-qPCR using Superscript III Platinum one-371  

step quantitative RT-PCR system (Invitrogen, Carlsbad, USA). RT-PCR was performed as 372  

we previously described (Karlsson, 2007, J Virol). Quantification limit (QL) was estimated at 373  

111 copies/ml and detection limit (DL) to 37 copies/ml. Samples from chronically infected 374  

macaques under ART were treated the same way using increased amounts of plasma in 375  

order to increase sensitivity (QL and DL of 37 and 12.3 copies of vRNA/ml, respectively). 376  

Semen vRNA was prepared from 500µL of seminal plasma using the QIAamp Ultrasens 377  

Virus 378  

Quantitative RT-PCR was performed in the same conditions as above, with QL and DL of 37 379  

copies/ml and 12.3 copies/ml, respectively.  380  

 381  

Quantification of SIV/HIV-2-specific IgG titer in blood and semen 382  
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Blood serum was isolated from SST blood sample by spinning 10 min at 1,500g, and 383  

cryopreserved at -80°C. Seminal plasmas were isolated as described above. ELISA assay 384  

was performed using the kit Genscreen HIV-1/2 Version 2 (Biorad, Marnes-la-Coquette, 385  

386  

SIVmac251 infected cynomolgus macaque was used as Standard. The titer was calculated 387  

using a cut-off calculated separately for blood and semen samples, using the mean value of 388  

samples from uninfected nor immunized monkeys. The maximal titer was fixed at 8,000, 389  

extrapolated from the Standard scale. 390  

 391  

Phenotypic characterization of semen leukocytes 392  

Staining was performed in parallel on whole blood samples.  393  

All stainings but whole blood assays, were performed after saturation of Fc receptors in 394  

healthy macaque serum (in-house production) for 1h at 4°C. Amine-reactive dye Live/dead® 395  

Fixable blue (Life technologies) was used to asses cell viability and exclude dead cell from 396  

analysis, cells were stained with monoclonal antibodies for 30 min at 4°C, washed in 397  

PBS/10% FCS and fixed in CellFIXTM (BD Biosciences). Three different antibody panels were 398  

used. Panel 1, targeting semen leukocytes subpopulations and T cells activation, was 399  

constituted with BD Biosciences antibodies (BD, Franklin Lakes, USA) anti-CD45 PerCp 400  

(clone B058-1283), anti-CD3 V500 (clone SP34-2), anti-CD4 PE-Cy7 (clone L200), anti-401  

CD11b Alexa Fluor 700 (clone ICRF44), anti-HLA-DR APC-H7 (clone G46-6) and anti-CD69 402  

FITC (clone FN50), anti-CD95 APC (clone DX2); with the Miltenyi Biotec antibody anti-CD8 403  

V450 (clone BW138/80) (Miltenyi Biotec GmbH, Bergisch Gladbach Germany); with the 404  

CliniSciences antibody anti-CD28 (clone 25-0289-73) (CliniSciences, Nanterre, France). 405  

Panel 2, targeting CCR5 and CXCR3 expression on T cells, was constituted with the same 406  

antibodies against CD45, CD3, CD4, CD8, CD11b and HLA-DR, and with the BD 407  

Biosciences antibodies anti-CCR5 APC and anti-CXCR3 FITC (IgG1, clone 1C6). 408  
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Corresponding isotype controls of CCR5 and CXCR3 were used at the same concentrations 409  

as the reference antibody. Panel 3, targeting LFA-1 and Mac-1 expression on T cells, was 410  

constituted with the same antibodies against CD45, CD3, CD4, CD8, CD11b and HLA-DR, 411  

and with the BD Biosciences antibodies anti-CD11a PE (IgG1, clone HI111) and anti-CD18 412  

APC (IgG1, clone 6.7). Corresponding isotype controls of CD11a and CD18 were used at the 413  

same concentrations as the reference antibody. 414  

Acquisition was performed on BD LSRII equipped with 4 lasers (355, 405, 488 and 633nm) 415  

and analyzed by Flowjo v7.6 (Tree Star, Ashland, OR).  416  

 417  

Ex vivo stimulation and intracellular CD45RA, IFN- - - -2 staining 418  

on peripheral blood and semen mononuclear cells 419  

Briefly, 1x106 PBMCs were incubated for 1 h at 37°C in 5% CO2 with medium alone, 420  

staphylococcus enterotoxin B (2µg/100 µL), or a commercial pool of SIV gag peptides (89 421  

peptides from p15 and p27, ProteoGenix, Schiltigheim, France) at the concentration of 0.2 422  

µg/100µL, in presence of the co-stimulatory antibodies CD28 (clone L293, IgG1) and CD49d 423  

(clone L25, IgG2b). Semen cells were split in two vials and incubated 1 h with medium alone 424  

or the SIV gag peptides pool/co-stimulatory Abs. Brefeldin A (BD Biosciences) was then 425  

added (1µg/100µL), and samples were incubated for 4 h, permeabilized, and stained with 426  

combinations of CD45-PerCp (clone D058-1283, IgG1), CD3-APC-Cy7 (clone SP34-2, 427  

IgG1), CD8-V500 (clone RPA-T8, IgG1), CD45RA-PE-Cy7 (clone L48, IgG1), CD154-FITC 428  

(clone TRAP1, IgG1), IL-2-APC (MQ1-17H12, IgG2a), MIP- -PE (clone D21-1351, IgG1), 429  

TNF- -Alexa Fluor 700 (clone Mab11, IgG1) and IFN- -V450 (clone B27, IgG1) (BD 430  

Biosciences). All antibodies used in this panel were from BD Bioscience. In PBMCs, a 431  

positive response was defined as an SIV-specific response if: 1) the response in Gag-432  

stimulated cells was at least 2-fold higher than the unstimulated control and 2) the CD8+ SIV-433  

specific response frequency was of >0.1%; in semen, a positive response was defined as 434  
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specific if: 1) more than 500 CD8+ T cells were acquired, 2) the frequency of positive cells 435  

was of >1%. 436  

 437  

Cytokines quantification in semen 438  

 Concentration of IL- L-1RA, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23, IL-13, IL-15, IL-17, 439  

IL-18, sCD40L, GM-CSF, G-CSF, TGF , IFN , MIP-1 , MIP-1 , MCP-1, TNF  and VEGF 440  

were measured in seminal plasma using the Milliplex® Map Non-Human Primate Cytokine 441  

Magnetic Bead Panel - Premixed 23-plex (Merck Millipore, Darmstadt, Germany). Levels of 442  

RANTES were and TGF- mesured by monoplex anda 3-plex Milliplex kits. 443  

Assays were performed in duplicates using 25 µL of seminal fluid. Samples were thawed at 444  

room temperature and spinned for 10 min at 1,500g to harvest any cellular component. 445  

Immunoassays as 446  

acquired by a Bio-Plex Instrument 200 and analyzed using the Bio-Plex Manager Software 447  

version 6.1 (Bio-Rad, Hercules, USA). 448  

 449  

Data visualization and statistical analysis 450  

All data visualization and statistical analysis were carried out with GraphPad Prism 5.03 451  

software (GraphPad software, La Jolla, USA). Nonparametric Spearman rank correlation test 452  

was used to investigate the relationship between parameters. The nonparametric Mann-453  

Whitney test was used to compare different groups of macaques, and the nonparametric 454  

Wilcoxon rank sum test was used to compare data from same macaques at different time 455  

points before and after SIV infection. P values of 0.05 or lower in 2-tailed tests were 456  

considered significant, *:p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001 457  

  458  
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 636  

 Figure legends 637  

Figure 1. Viral loads, IgG anti-SIV titers and semen T cells during SIVmac251 infection 638  

in cynomolgus macaques 639  

(A-C) Longitudinal follow-up of viral loads, IgG targeting SIV/HIV-2 and semen CD4+ and 640  

CD8+ T cells dynamics during the first months of SIV infection, in 8 macaques infected 641  

intravenously with 5,000 Animal Infectious Dose 50 (AID50). Mean and SEM are 642  

represented. (A) Blood and semen viral RNA loads (BVL - - and SVL - , dotted 643  

line- respectively). (B) IgG targeting SIV titer in blood serum ( , plain line) and seminal 644  

plasma ( , dotted line) (n=6 macaques). Cut off was calculated separately for blood and 645  

semen, from mean titer values at baseline. (C) Percentage of semen CD4+ ( ) and CD8+ ( ) 646  

T cells on total CD45+ leukocytes. Significant differences with baseline are indicated 647  
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(Wilcoxon matched-pairs signed rank test, *p<0.05, **p<0.01. (D) Blood ( ) and seminal 648  

plasma ( ) titers in SIV-specific IgG for each macaque (the 2 titer values are connected by a 649  

plain line) at baseline (n=6), at one month post-infection (n=12) and at chronic stage (n=9). 650  

Maximal titer was extrapolated at 8,000. (E) SIV-specific IgG titers in blood serum (plain 651  

lines) and seminal plasma (dotted lines) of 6 macaques, each symbol representing an 652  

animal. (F-G) Percentage of CD4+ and CD8+ T cells on total CD45+ cells in semen (F) and 653  

peripheral blood (G), in uninfected ( , n=12), and SIV+  at 654  

chronic stage ( , n=12). Lines represent mean and SEM and significant differences between 655  

groups are represented (Mann-Whitney test, *p<0.05 and **p<0.01).  656  

 657  

Table 1. Seminal levels of 28 cytokines and chemokines. 658  

Levels of these molecules were measured in the seminal plasma of 26 SIV- macaques. 659  

 660  

Figure 2. Cytokines and chemokines affected by SIV infection in macaques 661  

(A) Mean and SEM of 28 cytokines and chemokines levels in seminal plasma of 26 662  

uninfected macaques (n=17 for RANTES, 15 for TGF- and 12 for IP-10). (B) Mean and 663  

SEM of 8 pro-inflammatory molecules in SIV- macaques (n=12) and SIV+ macaques at 664  

primary stage (10 or 14 dpi, n=10) and at chronic stage (n=16). Lines represent mean and 665  

SEM and significant differences between groups are represented (Mann-Whitney test, 666  

*p<0.05, **p<0.01 and ***p<0.001). (C-E) Longitudinal follow-up of seminal plasma levels of 667  

) (both are represented by dotted lines) 668  

in 13 macaques infected with 5,000 AID50 IV (n=13 at baseline, 10 at 10 dpi, 4 at 14 dpi, 7 at 669  

28, 35 and 87 dpi, 6 at 148 dpi and 5 at 171 dpi). Mean and SEM are represented for each 670  

time point. (C) Levels of 5 pro-inflammatory molecules correlated to BVL and SVL: IL-8 (dark 671  

red), IL-15 (red), IL-18 (light brown), IL-6 (orange), IL-672  
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cytokines correlated to BVL and SVL: IL-4 (light purple), IL-5 (dark purple) and IL-13 (pink). 673  

(E) Levels of 3 Th1 cytokines that are not correlated to BVL or SVL: TNF- -674  

(light blue) and IL-2 (dark blue). (F) Individual variations of TNF-675  

4 SIV+ macaques, each color representing an animal. 676  

 677  

Figure 3. Phenotype of semen CD8+ T cells 678  

(A) Differentiation profile of semen CD8+ T cells. Left: gating strategy, dot plots from a 679  

representative SIV+ animal. CD95+CD28+ cells are central memory (cm) and CD95+CD28- 680  

are effector memory (em). Right: Percentage of each subset (cm -round dots- and em -681  

square dots- CD8+ T cells) in SIV- (empty dots, n=9) and SIV+ macaques (plain dots, n=17). 682  

(B) CD45RA expression of semen CD8+ T cells. Left: gating strategy, dot plots from a 683  

representative SIV+ animal. Right: Percentage of semen CD45RA+CD8+ T cells in SIV- 684  

(empty dots, n=4) and SIV+ (plain dots, n=7) macaques. (C) CD69 and HLA-DR expression 685  

in semen CD8+ T cells. Left: gating strategy, dot plots from a representative SIV+ animal. 686  

Middle: % of CD69+ cells of each subset, and right: % of HLA-DR+ cells, of each subset (cm 687  

CD8+ T cells: round dots, em CD8+ T cells: square dots) in SIV- (empty dots, n=6) and SIV+ 688  

(plain dots, n=17) macaques. (D) Longitudinal follow-up of percentage of CD69+ CD8+ T cells 689  

( : cm and : em CD8+ ), in 8 macaques infected with 690  

5,000 AID50 IV. Significant differences with baseline are represented (Wilcoxon matched-691  

pairs signed rank test, *p<0.05). (E) Spearman correlation between % of CD69+ CD8+ T cells 692  

in blood and semen; left: cm cells, right: em cells; n=15 chronically infected macaques. (F) 693  

CCR5 and CXCR3 expression on semen CD8+ T cells. Left to right: gating strategy, dot plots 694  

from a representative SIV+ animal with overlays of CCR5 and CXCR3 expression (black 695  

lines) on isotype control (plain grey curves); % of CCR5+ (round dots), CXCR3+ (square dots) 696  

and CCR5+ CXCR3+ cells (diamond dots) in SIV- (empty dots, n=6) and SIV+ (plain dots, n=6) 697  

macaques. (G) LFA-1 integrin (CD11a+CD18+) expression on semen CD8+ T cells. Left to 698  
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right: gating strategy, dot plots from a representative SIV+ animal with overlays of CD11a and 699  

CD18 expression (black lines) on isotype control (plain grey curves); % of LFA-1+ (round dots 700  

and CD11a+CD18- cells (square dots) in SIV- (empty dots, n=8) and SIV+ (plain dots, n=8) 701  

macaques. Mean and SEM are represented. 702  

 703  

Figure 4. Th1 profile of semen CD8+ T cells 704  

(A-C) Intracellular staining for Th1 cytokines in blood and semen CD8+ T cells, in response of 705  

a 5h-stimulation with SIV gag peptide, or without stimulation (mock). (A) IFN- -706  

expression in semen CD8+ T cells of all studied animals (n=6), with (down) or without (up) 707  

stimulation with gag. (B) Polyfunctionality of semen CD8+ T cells, with (black bars) or without 708  

stimulation (mock, empty bars), in 2 chronically infected macaques displaying SIV-specific 709  

CD8 T cells (#30690 and #31044). IL-2 was not included, because not expressed in relevant 710  

amounts. (C) Association between viral loads in semen (up, half-plain dots) and in blood 711  

(down, plain dots) and percentage of, left to right: IFN- - -  712  

  713  
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Supplementary figure legends 714  

Supplementary figure 1: Correlation between percentage of CD8+ T cells on total 715  

CD45+ cells in semen and peripheral blood 716  

(A) Spearman correlation between blood vRNA load (BVL) and percentage of CD8+ T cells 717  

on total semen CD45+ cells. (B) BVL and percentage of CD8+ T cells on total blood CD45+ 718  

cells are not correlated. 719  

 720  

Supplementary figure 2: Seminal inflammatory molecules correlated to BVL and SVL 721  

(A-F) Spearman correlation between seminal plasma levels of 6 pro-inflammatory cytokines 722  

and chemokines and BVL (left column) and SVL (right column). (A) IL-1 . (B) IL-6. (C) IL-8. 723  

(D) IL-15. (E) IL-18. (F) RANTES.  724  

 725  

Supplementary figure 3: Seminal Th2 cytokines correlated to BVL and SVL 726  

(A-C) Spearman correlation between seminal plasma levels of 3 Th2 cytokines and BVL (left 727  

column) and SVL (right column). (A) IL-4. (B) IL-5. (C) IL-13. 728  

 729  

Supplementary figure 4: Correlation between seminal TGF-  and BVL and/or SVL 730  

(A-C) Spearman correlation between seminal plasma levels of TGF- -3 and BVL (left 731  

column) and/or SVL (right column). (A) TGF- - -  732  

Supplementary figure 5: Phenotype of blood CD8+ T cells and comparison with semen 733  

(A) Differentiation profile of peripheral whole blood CD8+ T cells. Left: gating strategy, dot 734  

plots from a representative SIV+ animal. CD95-CD28+ cells are naïve, CD95+CD28+ cells are 735  
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central memory and CD95+CD28- are effector memory. Right: Percentage of cm (round dots) 736  

and em (square dots) CD8+ T cells, in blood (half-plain dots) and in semen (plain dots) of 12 737  

uninfected macaques. (B) CD45RA expression of peripheral blood CD8+ T cells. Left: gating 738  

strategy, dot plots from a representative SIV+ animal. Right: Percentage of semen 739  

CD45RA+CD8+ T cells in SIV- (empty dots, n=4) and SIV+ (plain dots) macaques in blood 740  

(empty plots, n=10 SIV+ animals) and semen (plain dots, n=7 SIV+ animals). (C-E) 741  

Comparison of CD69 and HLA-DR expression on CD8+ T cells in semen and in peripheral 742  

blood. (C) Gating strategy in blood cells, dot plots from a representative SIV+ animal. (D) Left: 743  

% of CD69+ cells of each subset, and right: % of HLA-DR+ cells, of each subset (cm CD8+ T 744  

cells: round dots, em CD8+ T cells: square dots) in blood (half-plain dots, n=12) and semen 745  

(plain dots, n=12) macaques. (E) Left: % of CD69+ cells of each subset, and right: % of HLA-746  

DR+ cells, of each subset (cm CD8+ T cells: round dots, em CD8+ T cells: square dots) in 747  

blood, in uninfected (empty dots, n=6) and SIV+ (plain dots, n=15) macaques. 748  

 749  

Supplementary figure 6: CCR5, CXCR3 and LFA-1 expression by semen CD4+ T cells 750  

(A) Percentage of CCR5+ (round dots), CXCR3+ (square dots) and CCR5+ CXCR3+ cells 751  

(diamond dots) in SIV- (empty dots, n=6) and SIV+ (plain dots, n=4) macaques. (B) 752  

Percentage of LFA-1+ (round dots) and CD11a+CD18- cells (square dots) in SIV- (empty dots, 753  

n=8) and SIV+ (plain dots, n=7) macaques. Mean and SEM are represented and significant 754  

differences between groups are specified (Mann-Whitney test, **p<0.01). 755  



A.   B.   C.  

Figure  1.  Viral  loads  ,  IgG  anti-‐SIV  titers  and  semen    T  cells  during  
SIVmac251  infection  in  cynomolgus  macaques  

D.   E.  

F.   G.  Semen Blood 



  Mean 
(pg/ml) S.E.M Minimum Maximum Lower 95% CI 

of mean 
Upper 95% CI 

of mean 

Molecules affected 
by SIV infection             

IL-1b 5.732 1.058 0,00 22.64 3.553 7.911 

IL-13 10.91 1.484 0,00 33.84 7.853 13.97 

IL-5 12.36 1.373 2.61 29.1 9.53 15.19 

IFN  25.02 5.155 0.22 120.1 14.4 35.64 

IL-6 40.95 8.252 0,00 175.1 23.95 57.94 

IL-4 51.29 9.282 0,00 215,00 32.17 70.41 

TNF-  77.3 35.19 0,00 879.7 4.828 149.8 

IL-18 94.35 20.12 0,00 330.1 52.91 135.8 

RANTES 317.2 50.35 16.12 753.4 210.4 423.9 

IL-15 368.6 58.91 13.2 1338,00 247.2 489.9 

TGF- 3 684.7 150.2 123.4 2130,00 362.5 1007,00 

IL-8 4754,00 1346,00 61.27 26128,00 1982,00 7525,00 

TGF-  6255,00 2485,00 0,00 35063,00 925.5 11584,00 

MCP-1 16174,00 3520,00 104.3 56380,00 8893,00 23456,00 

TGF-  22465,00 6887,00 5256,00 91756,00 7694,00 37236,00 

Molecules 
unchanged by SIV 

infection 
                             

IL-17 7.324 1.265 0,00 29.58 4.718 9.931 

IP-10 8.745 3.702 0,00 38.62 0.5981 16.89 

GM-CSF 18.53 2.701 1.71 58.09 12.97 24.1 

MIP-1  28.8 8.039 0,00 176.7 12.24 45.36 

IL-2 32.03 4.885 3.05 106.2 21.97 42.09 

TGF-  36.72 7.067 2.35 187,00 22.17 51.28 

sCD40L 60.29 13.36 3.72 357.5 32.77 87.81 

IL-12/23 64.96 7.068 21.98 164,00 50.4 79.52 

MIP-1  115.5 30.22 0,00 587.7 53.28 177.7 

IL-10 248.7 63.95 9.7 1664,00 117,00 380.4 

G-CSF 290.4 58.76 24.48 1410,00 169.4 411.4 

IL-1RA 551.4 80.77 65.39 1647,00 385,00 717.7 

VEGF 46276,00 11649,00 4323,00 299477,00 22285,00 70268,00 

Table  1.  Seminal  levels  of  28  cytokines  and  chemokines  



Figure  2.  Cytokines  and  chemokines  affected  by  SIV  infection  in  macaques  
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Figure  4.  SIV-‐specific  CD8+  T  cells  response  in  semen  
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Supplementary  figure  1.  Correlation  between  percentage  of  CD8+  T  cells  
on  total  CD45+  and  BVL  in  semen  and  blood.  
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Supplementary  figure  2.  Seminal  inflammatory  molecules  correlated  to  
PVL  and  SVL  
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Supplementary  figure  3.  Seminal  Th2  cytokines  correlated  to  PVL  
and  SVL  
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Supplementary  figure  4.  Correlation  between  seminal  TGF-‐   and  BVL  and/or  
SVL  
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Supplementary  figure  6.    CCR5,  CXCR3  and  LFA-‐1  expression  by  semen  
CD4+  T  cells  



Supplementary  figure  7.    SIV-‐specific  CD8+  T  cells  in  blood    
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III. Complementary results: in vivo assay of semen 
leukocytes infectivity 

 

Our study of the capacity of semen leukocytes to transmit infection was pursued by 

inoculating sorted semen cells by mucosal route to macaques.  

 

Two distinct groups of macaques were included in this study: 

 donors group: leukocytospermic adult male macaques were 

included in this group, in order to maximize the chances to get a consistent 

number of leukocytes from their semen samples, 

 : adult macaques, which were inoculated 

with the sorted semen leukocytes, by rectal or vaginal routes. 

 

The CMH haplotype of each macaque included in this study was known, and animals 

avoid: 

 Animals of M6-haplotype, which is associated with a control of HIV replication 

(Aarnink et al., 2011a; Aarnink et al., 2011b; Mee et al., 2009), 

 CMH haplotypes matching between the semen giver and the semen cells 

receivers. 

 

In order to identify the semen leukocytes that are infected and test their capacity to 

transmit infection in vivo, we developed a flow cytometry cell sorting technique.  

Since the yield of isolation of target cells is quite low with this technique, only 

leukocytospermic animals were used. Nevertheless, the number of total isolated cells was 

limited, especially CD4+ T cells, which are profoundly depleted in infected animals, which 

constitutes one major limitation of this technique. 
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A. Modeling HIV mucosal transmission by inoculation of sorted semen 
leukocytes 

1) Inoculation of sorted cells 

Our objective was to assess the infectivity in vivo of the leukocyte population in 

semen, and in particular of CD4+ T cells and macrophages. Importantly, the purity of the 

inoculated cells was one major criterion, in order to avoid contamination with spermatozoa. 

Indeed, the potential role of spermatozoa as a mobile vector for HIV has been recently 

proposed, since it is now established that they can carry free particles attached on the cell 

surface (Ceballos et al., 2009). In these conditions, the best technique to isolate the cellular 

fraction of interest was flow cytometry sorting. 

However, it has been demonstrated that flow cytometry cell sorting represents a 

traumatic event to the cells, inducing cellular stress, activation and increased mortality 

(Muller and Nebe-von-Caron, 2010). In the context of this study, we can hypothesize that 

infected cells (especially CD4+ T cells) may be more fragile and therefore suffer a higher 

mortality rate than other cells, thereby limiting the number of sorted functional and infectious 

cells. Nevertheless, sorted CD4+ T cells conserved their infectiousness in vitro. 

Before the step of cell sorting by flow cytometry, we enriched the total cell fraction in 

leukocytes using magnetic beads sorting, with a positive enrichment of CD45+ cells. Both 

steps are known to induce important loss of cells of interest. As much as 50% of the 

leukocytes were lost during the process. Since the leukocytes counts in semen are already 

limited, the low yield of this cell sorting technique represents an important limitation.  

 

2) Repeated, low-dose mucosal challenges 

Even if the number of inoculated cells was much lower than the leukocytes counts in 

an ejaculate, our system of repeated, low-dose mucosal challenges was close to the usual 

conditions of a HIV sexual transmission. 

 

Nevertheless, the repeated inoculations of cells raise the problem of alloimmunization 

of the receiver against the MHC of the different donors. Indeed, in human, the study of 

monogamous couples practicing unprotected sex demonstrated the existence of a reciprocal 

alloimmunization against the partner cells. This phenomenon conferred in vitro an increased 

protection of the CD4+ T cells against the infection with HIV (Peters et al., 2004). The same 

phenomenon has been described in rhesus macaques inoculated repeatedly by vaginal or 
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rectal route with PBMCs from different donors. This alloimmunization is dose-dependent and 

in vitro (Bergmeier et 
al., 2005).  

Therefore, the repeated inoculation of a very small number of infected cells may 

actually initiate an immune response in the receiver animal that may confer a protection 

against infection by the cell-associated virus. 

 

3) Depo-Provera treatment of the inoculated females 

As mentioned earlier (see Introduction, Chapter II), the treatment of women and 

female macaques with Medroxyprogesterone acetate (DPMA, Depo-Provera®) induces a 

thinning of the vaginal epithelium, mimicking the luteal phase of the menstrual cycle 

(Bahamondes et al., 2000; Hild-Petito et al., 1998; Mauck et al., 1999). Progesterone 

implants drastically enhance the susceptibility to SIV infection in macaques exposed 

vaginally (Marx et al., 1996).  

Furthermore, DMPA treatment induces changes in mucosal immune system, notably 

on NK and T cells activation (Genesca et al., 2007). The genetic diversity of the transmitter 

founder virus population is higher in treated female macaques, suggesting an increase of the 

number of variants that cross the epithelial barrier. 

 

Nevertheless, we considered that the potential bias introduced by DMPA treatment 

was not a major barrier to our study, and we decided to treat our receiver females. 

 

4) Absence of seminal fluid within the inoculum 

Since our objective was initially to test the capacity of semen leukocytes to transmit 

infection in vivo, we decided to exclude any source of modulation of leukocytes infectivity. In 

this condition, the adjunction of seminal plasma to the inoculum might constitute a source of 

undesired complexity. 

Notably, seminal plasma contains certain factors programing cellular death, and 

thereby displays cytotoxicity in vitro (Okamoto et al., 2002). However, that has not been 

demonstrated in vivo yet, and we may hypothesize that the dilution of seminal plasma by 

vaginal or rectal secretions may decrease its cytotoxicity. 
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B. Single rectal inoculation of purified semen CD4+T cells and 
macrophages 

In a first study, six macaques (#30602, #30690, #31044, #10999, #29860 and 

#31052) were infected intravenously with 5,000 AID50 of SIVmac251. Blood viral loads 

remained elevated during the study, whereas different profiles were observed in semen viral 

loads (Figure 30). Since we observed that at 10 dpi, macaques display frequently 

leukocytospermia and that semen CD4+ T cells are not yet depleted, unlike in peripheral 

blood, we purified CD4+ T cells and macrophages from the semen of macaques at this time 

point.  

 

Each semen leukocytes fraction (CD4+ T cells or macrophages) was purified from 

three donors (animals #30602, #30690 and #31044) and the cells were pooled together. 

Each pool (the CD4+ T cells pool and the macrophages pool) was inoculated by rectal route 

to a male macaque.  

 

A small part (10,000 to 20,000 cells) of each sorted fraction was used to perform 

quantitative real-time PCR on the cell pellet, in order to quantify the number of SIV DNA 

copies per cell.  

 

 

Figure 30 : Blood and semen v  

 

As a control, the last wash supernatant of each cell fraction was inoculated to an other 

macaque, in order to invalidate the hypothesis of a transmission by cell-free particles present 

in the supernatant, and not by the semen cells. 
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Only a small number of cells were obtained and pooled from the three first macaques 

(#30602, #30690 and #31044): a total of 33,708 CD4+ T cells and 156,406 macrophages 

were inoculated to the two receivers animals. Among the two fractions of 10,000 sorted cells 

that we kept for qRT-PCR, SIV DNA was not detected (Table 4).  

Unfortunately, no event of transmission was observed. The blood plasma RNA viral 

load was measured once weekly during the first month after inoculation, and the presence of 

vRNA was assayed by qRT-PCR in the peripheral lymph nodes after one month post-

inoculation. Finally, we performed an ELISA test on serum samples to measure the SIV-

specific IgG titers. All results were negative. 

 

The second sorting experiment from the semen of the three other donor macaques 

(#10999, #29860 and #31052), the same order of magnitude in number of sorted cells was 

obtained for both fractions. We then decided to not inoculate them because of these two 

small pools of cells, and to adapt our protocol of experiments. 

 

C. Repeated rectal inoculations of sorted semen leukocytes 

Indeed, we decided to adjust the study protocol, using the same 6 semen-donors 

macaques (during the first three months of infection): 

 the total CD45+ leukocytes fraction was sorted in order to minimize the number 

of cell loss, pooled from 3 infected macaques, and inoculated to one receiver 

macaque by rectal route, 

 Inoculations were repeated every two weeks, using the same semen cells 

donors for each receiver macaque. 

In total, three inoculations were performed per semen cells-receiver, with a mean of 

300,000 CD45+ cells inoculated per challenge (Table 4).  

 

None of the two macaques inoculated with the sorted semen CD45+ cells displayed 

detectable viremia or seroconversion after three months post-inoculation. 
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Experiment   Semen  cells  givers  ID  
CD4+  T  cells  

fraction  (number  
of  sorted  cells)  

Macrophages  
fraction  (number  
of  sorted  cells)  

CD45+  cells  fraction  
(number  of  sorted  cells)  

SIV  DNA  
detection  

1  
30602,  30690,  31044   33,708     156,406          negative  

10999,  29860,  31052   21,654   252,010        positive  

2   10999,  29860,  31052             110,000     positive  

3  

30602,  30690,  31044             320,115     positive  

31044,  30717,  30838             345,000   positive  

31044,  30717,  30838             253,841   positive  

31044,  30717,  30838             310,803   négative  

31044,  30717,  30838             300,442   négative  

Table 4 : Summary of the two first in vivo experiments (rectal exposure). 

 

D. Repeated vaginal inoculations of sorted semen leukocytes 

In a third study that is currently in progress, semen CD45+ cells from 4 SIV+ macaques 

are sorted, pooled together and inoculated vaginally to female macaques. The females will 

be previously treated with Depo-Provera in order to induce a thinning of the vaginal epithelial 

barrier. 

Twice weekly repeated inoculations, with a total of 6 consecutives challenges, will be 

done. 
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Discussion and perspectives 
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I. Validation of the experimental approach 

A. Relevance of the experimental infection of cynomolgus macaque 
with SIVmac251 for studying semen virological parameters 

Besides the high similarities in the systemic viral replication and immune-pathogenesis 

profiles of SIVmac251 in cynomolgus macaques, we demonstrated here that semen viral 

shedding is very close to what is reported in HIV+ men: 

 Blood and semen viral RNA loads are strongly correlated; 

 A high diversity in semen viral shedding is observed, with macaques displaying 

undetectable SVL, others with intermittent and low shedding and finally some 

 

 Viral DNA is detected by nested PCR in a high proportion of infected 

macaques, at all stages of infection; 

 Both vDNA+ CD4+ T cells and macrophages were detected. 

 

Therefore we considered that our experimental model is relevant for studying the role 

of semen cell-associated virus in HIV mucosal transmission. 

 

B. Characteristics of macaque semen and comparison with human 

The volume of semen samples that we obtained from electroejaculation ranged from 

100 to 500 µl. This is close to what has been described in rhesus macaques (VandeVoort, 

2004). In contrast, the mean volume of a human ejaculate is 3.2 ml, with a range comprised 

between 100 µl and 11 ml. 

 

The pH was slightly basic, ranging from 7 to 9, similarly to human semen of which 

average pH is 7.7 (Owen and Katz, 2005). 

 

Using multi-parameters flow cytometry we studied the semen leukocytes population. 

As in human semen (Anderson et al., 2010a; Wolff and Anderson, 1988a), 

polymorphonuclear cells, macrophages and T cells were the major leukocytes found in 

macaque semen. Small discrepancies in the relative proportions of each population were 

observed between our data and what has been described in human (Table 5). 
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Population Human semen Cynomolgus semen 
Polymorphonuclear cells 60-70% 26% ± 6.70% 

Macrophages 20-30% 22.22% ± 5.06% 

Lymphocytes 4-5% 15.90 ± 4.29%* 

Table 5 : Comparison between the proportion of each semen leukocyte population between human and 
cynomolgus macaques (semen sampling by electroejaculation). Adapted from (Anderson et al., 2010a; Wolff 

and Anderson, 1988a). *: relative proportion of CD3+ T cells. 

 

Notably, the relative proportions in polymorphonuclear cells (PMN) and lymphocytes 

are quite different, with much less PMN and more T cells in macaque semen samples that in 

human semen. These discrepancies may be due to different causes. First, whereas the 

technique usually used to quantify leukocytes populations in human semen is numeration 

from semen cells smears, we used flow cytometry analysis. PMN may be lost during the 

process of cell preparation or data acquisition by the flow cytometer, or our gating strategy 

may somehow exclude a part of semen PMN. On the other hand, variability between human 

and macaques may really exist.  

 

Finally, we measured the concentration of 28 cytokines, chemokines and growth 

factors in the semen of macaque. We compared our data with the levels reported in human 

semen, when the information was available, and found very similar orders of magnitude for 

most of all tested molecule.  

 

To conclude, we considered that cynomolgus macaque semen shares enough 

similarities with human semen to constitute a relevant model for studying the role of cell-

associated virus in HIV mucosal transmission. 
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II. Discussion 

A. Characterization of semen leukocytes in uninfected and SIV+ 
cynomolgus macaques 

1) Characterization of semen leukocytes subpopulations  

We demonstrate here that macaque semen is very similar to human semen. Notably, 

the major HIV/SIV target cells (CD4+ T cells and macrophages) that are found in human 

semen are also present in macaque semen. They remain present at all stages of infection, 

despite a profound depletion of CD4+ T cells.  

 

Interestingly, the total leukocytes counts correlate with semen viral shedding, as it has 

been reported in HIV+ patients (Anderson et al., 1992). A global increase of the proportion of 

semen CD45+ cells and of macrophages was observed during the acute infection. 

ed levels of pro-inflammatory 

cytokines and chemokines. This inflammatory state may favor the transmission events by 

cell-associated virus. 

 

2) Phenotype of semen T cells 

We provide here an extensive characterization of semen T cells. Since we stipulated 

that their phenotype may influence the ability of infected CD4+ T cells to transmit infection, 

and the capacity of SIV-specific CD8+ T cells to modulate semen infectivity, we studied their 

expression of differentiation, activation, migration and adhesion markers.  

 

First, semen T cells display a profile that is typically found in mucosal resident cells. 

They are of memory phenotype (CD95+), express in large proportions the activation markers 

CD69 and HLA-DR, the migration marker CXCR3 and the integrin LFA-1. In uninfected 

macaques, the percentage of CCR5+ and CXCR4+ cells is relatively low (mean of 25.77% 

and 15.12% positive cells, respectively) and the one of CCR5+CXCR4+ is even lower (around 

5%). The relative low proportion of CCR5+ cells is quite surprising, since mucosal T cells 

(especially in genital mucosa) are commonly described as expression in majority high 

amounts of CCR5 (Bomsel and David, 2002; Hladik et al., 1999; Lederman et al., 2006; 

Meng et al., 2002; Veazey et al., 2001, 2003). Interestingly, 100% of CD4+ and CD8+ T cells 

are positive for intracellular CCR5 and CXCR4. The same observation about CCR5 
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intracellular expression has been reported in human peripheral blood T cells (Shirvani et al., 
2011), even if this observation has been recently subject of controversy (Pilch-Cooper et al., 
2011). It may suggest that both markers are highly expressed and that their expression on 

the cell surface is highly regulated. 

 

Whereas SIV infection does not affect their differentiation profile and expression of 

HLA-DR and LFA-1, the proportion of CD69+, CCR5+ and CXCR3+ cells is considerably 

increased in infected animals. Importantly, the durable increase of CD69+ cells during SIV 

infection may be a marker of the generalized immune activation induced by HIV/SIV 

infection. This suggests also that this phenomenon takes place in the male genital tract as 

well as in the gut or in the lymphoid organs and suggests compartmentalizing of T cells 

between blood and semen.  

The activation of semen T cells has been also described in HIV+ men and a correlation 

between the proportion of CD69+ T cells and SVL has been recently reported (Sheth et al., 
2012) ation, probably because of the small number of studied 

macaques. However, we observed a correlation between the percentage of CD69+ CD8+ T 

cells in blood and in semen. Such a correlation was also found in human, but concerned the 

proportion of CD45RA-CD38+ CD8+ T cells (Gianella et al., 2012). 

 

Moreover, the percentage of CCR5+CXCR3+ cells was significantly increased in 

infected animals, reaching around 60% of both CD4+ and CD8+ semen T cells. This 

phenotype is typical of Th1 T cells, which tend to migrate towards tissues where 

inflammation takes place (Appay et al., 2008). The increase of central memory, activated 

CCR5+ CD4+ T cells in the semen of infected individuals may impact on semen infectivity, 

since they are the principal target for HIV/SIV and can produce large amounts of virus 

(Veazey et al., 2003). That may also explain the profound depletion of semen CD4+ T cells in 

infected individuals. 

 

3) Phenotype of semen antigen-presenting cells 

As mentioned before, semen APCs (characterized here by their morphology and 

expression of HLA-DR and CD11b) are mostly macrophages, with a small proportion of DCs. 

They represent a heterogeneous population. The majority of them are CD11b+ 

CD14brightCD163bright, a typical profile of activated macrophages. All express CD4 and a large 

proportion of them express CCR5. This is very similar to the macrophages resident in genital 

tissues like the female genital tract, the urethra and the foreskin (Ganor et al., 2012; Hirbod 
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et al., 2010; McCoombe and Short, 2006; Miller and Shattock, 2003; Patterson et al., 2002), 

whereas intestinal macrophages express much less CCR5 and are therefore less susceptible 

to HIV/SIV infection (Meng et al., 2000; Smith et al., 2003). 

 

Furthermore, semen macrophages express in large proportions two integrins: LFA-1 

and Mac-1. Both are involved in macrophage adhesion to epithelial cells and transmigration 

(Carreno et al., 2002; Evans et al., 2009; Jolly et al., 2007). Surprisingly, the proportion of 

LFA-1+ cells decreased in infected macaques, with a higher diversity among individuals than 

in uninfected macaques. Importantly, besides playing an important role in establishment of 

the virological synapse and HIV cell-to-cell transmission, LFA-1 facilitates HIV replication 

(Hioe et al., 2001; Rudnicka et al., 2009). In contrast, Mac-1 was found slightly increased in 

SIV+ macaques. Further tests need to be done to increase the size of both groups of animals 

and confirm these observations.  

 

Importantly, the presence of dendritic cells has not been reported in human semen 

yet. We identified a heterogeneous population of DCs, including pDCs. Although present in 

small numbers, it could be identified at all stages of infection in the three tested macaques. 

Importantly, DCs can be productively infected by HIV/SIV. As specialized antigen-presenting 

cells, DC can also carry and transmit viral particles in trans to other target cells. Further 

characterization of these cells needs to be done, especially to identify the nature of the 

BDCA3+CD123- DCs (they may be Langerhans cells or stromal DCs, for example). 

 

B. Isolation of semen HIV/SIV target cells and identification of infected 
cells 

1) Identification of infected semen leukocytes 

We developed a technique of cell sorting in order to isolate semen CD4+ T cells and 

HLA-DR+ macrophages. The purity of the sorted cell fractions was satisfactory. However, 

since we isolated semen macrophages on the basis of their morphology and HLA-DR 

expression, we can not exclude that a small proportions of DCs contaminated this fraction. 

However, since DCs are also HIV/SIV target cells, we considered that this eventual 

contamination was not problematic in our study. 

Furthermore, quantification of SIV DNA copies by real-time PCR was performed 

directly on the cell lysates, thus avoiding DNA extraction and the inherent loss of material. 

Nevertheless, the number of DNA copies in most samples was under the limit of 
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quantification (30 copies). We tested the limit of detection of our technique using a plasmid 

containing SIV gag, and determined that we were theoretically able to detect 1 vDNA copy by 

testing the whole sample.  

Given the small numbers of isolated cells, and the expected small proportions of 

infected cells, we performed our tests on the whole sorted fractions. Since our objective was 

to identify the productively infected cells, we decided to quantify the number of SIV DNA 

copies, reflecting the number of cells displaying provirus integrated in the cell genome. 

However, in absence of a nested PCR targeting integrated provirus, we can not exclude that 

the detected SIV DNA copies were not integrated within the host genome, but were 

circularized viral DNA (which represents however less than 10% of total vDNA). Further tests 

need to be done to investigate that. 

 

We demonstrated that both semen CD4+ T cells and macrophages can be infected, at 

all stages of infection. Unfortunately, because of the low numbers of sorted cells, we were 

not able to quantify the number of DNA copies per sorted cells in almost all samples. 

However, we assumed that the proportion of infected cells among the two fractions (CD4+ T 

cells versus macrophages) was higher in CD4+ T cells, given the fact that the number of 

sorted macrophages was always 10 to 10,000-fold higher than CD4+ T cells. Moreover, the 

frequency of detection of vDNA copies was higher in sorted CD4+ T cells than in 

macrophages, at all stages of infection. This is consistent with the observations made in 

other tissues in HIV+ men and SIV+ macaques. 

In parallel to quantitative PCR on sorted semen CD4+ T cells and macrophages, we 

identified SIV nef and gp41 by immunocytofluorescence in cytospun semen cells. We 

confirmed the presence of SIV infected cells (here positive for SIV proteins) among both cell 

types. Again, infected CD4+ T cells were detected more frequently than macrophages. 

 

B titation of the 

number of RNA copies. Such an information would have informed if the semen infected cells 

were latently infected, or in contrary, if they produced de novo particles. Both quantitative 

RT-PCR and in situ hybridization could be performed in order to complete our results. 

 

2) Capability of semen leukocytes to produce infectious particles 

We assessed semen CD4+ T cells and macrophages from infected macaques by 

coculture with a cell line permissive to SIV infection, CEMx174 cells. Both cell types were 

able to transmit infection. Although few trials were able to be performed, we observed that 
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CD4+ T cells could transmit infection more frequently at primary infection. On the contrary 

only macrophages succeeded to transmit infection at chronic stage.  

This discrepancy may be due to the very low numbers of CD4+ T cells that were 

sorted at chronic stage, rather than less efficient production of SIV by these T cells.  

Also, cell-associated SIV transmission could be enhanced by risk factors such as 

inflammation, which is significantly increased during primary infection. The co-infection with 

an other STD may also increase the production of infectious virus by semen infected 

leukocytes. 

 

C. In vivo inoculation of sorted semen leukocytes 

In the last part of this work, we assessed the capacity of semen leukocytes to transmit 

infection in vivo. We first have chosen the rectal route, because of its higher transmission 

rate with cell free virus and from epidemiological data. Because of the small numbers of 

sorted cells, we pooled the sorted fractions from three different donors, and kept a small part 

of them to determine by PCR if infected cells were present in the inoculum. Putting together 

the immune cells of different animals may represent another limitation of our experiments. 

Indeed, it may induce cellular stress, aggregation and mortality, thereby limiting the infectivity 

of the inoculated cells. Moreover, despite the pool of the sorted cells from different donors, 

the total number of inoculated cells never reached the total leukocytes counts in an ejaculate 

under number conditions, and especially in leukocytospermic individuals. 

 

A mean of 300,000 total leukocytes were inoculated at each experiment. Infected cells 

were detected in most of the samples, although in small proportions. None of the inoculated 

macaques became infected after three challenges.  

 

HIV mucosal transmission is a rare event, and when it happens, the transmitter 

founder virus population is very small. This suggests that, most of the time, the mucosal 

barrier prevents viral invasion. In case of infection, the number of viral particles that succeed 

to cross these barriers is limited to 1 to 5. That is why the animal infectious dose used to 

infect animal models by mucosal exposure is generally high.  

In a previous work, female macaques were challenged with 107 splenocytes 

containing 4.16 x 106 copies of vDNA. The numbers of DNA copies to successfully transmit 

infection by vaginal exposure to 50% of animals, and after a single challenge, was estimated 

at 6.69 x 105 ± 2.08 copies (Salle et al., 2010). In our present conditions, we barely collect 3 

x 105 leukocytes, among which only a very small proportion of cells are infected. This may 
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explain the failure that we have encountered to establishing systemic infection after rectal 

challenge of sorted semen leukocytes.  

However, the proportion of each leukocytes subset present in semen is very different 

to the inoculum of splenocytes, among which a majority of lymphocytes and very few 

CD4+ T cells and macrophages that is needed to establish a systemic infection after mucosal 

exposure. This threshold remains to be determined yet. 

 

We therefore decided to pursue our study with modifications in the protocol in order to 

optimize our experimental conditions. 

First, we performed vaginal inoculations in female macaques treated with DMPA. 

Indeed, the volume of the macaque vagina is considerably smaller than rectum, so the 

inoculated cells are concentrated at a reduced mucosal surface and on contact with a thinner 

vaginal epithelium than under normal conditions. 

Furthermore, we will perform twice weekly repeated challenges with a minimum of 5 

challenges. Finally, the semen of four macaques will be collected during the first weeks of 

infection: at days 10, 14, 17, 21 and 28 dpi. As we mentioned it earlier, this period coincides 

with a leukocytospermia and a high frequency of the presence of infected CD4+ T cells and 

macrophages. Besides, acute SIV infection induces a high seminal inflammatory state, which 

is susceptible to activate viral replication and transmission.  

These experiments are currently in progress. 

 

D. Identification of seminal factors susceptible to influence HIV/SIV 
mucosal transmission 

1) Seminal cytokines and chemokines affected by SIV infection 

We measured the seminal levels of 28 cytokines, chemokines and growth factors. As 

mentioned earlier, most of them were present at comparable levels than in human semen. 

We identified 18 molecules that were increased in leukocytospermic semen (Figure 

31). Among them, 10 were also affected by SIV infection: significantly increased in SIV+ 

animals and/or correlated to PVL and/or SVL. Other molecules correlated to PVL and SVL, 

but were not increased by leukocytospermia. 
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Figure 31 : Influence of leukocytospermia and SIV infection in seminal concentrations in 28 cytokines, 
chemokines and growth factors. 

 

As discussed earlier, the inflammatory status induced by SIV infection, especially 

during acute infection, may favor the cell-associated virus transmission. First, pro-

inflammatory cytokines, like IL-1 , IL-6, IL-15 or IL-18, trigger infected cells activation, and 

thereby can boost viral replication. Secondly, high levels of chemokines, like RANTES, MIP-

1  and IL-8, may induce a migration of mucosal resident virus target cells towards the 

epithelial surface along a chemokine gradient.  

The chemokines RANTES and MIP-1 -viral properties, notably by 

inhibiting by competition the fixation of viral particles to their co-receptor CCR5 (Agace et al., 
2000; Cocchi et al., 1995; Lehner et al., 2000; Lehner et al., 1996). However, this activity 

may not influence cell-to-cell transmission.  

Finally, the increased levels of TGF-

impact the host immune response. Indeed, this molecule display strong immunosuppressive 

activity and may thereby modulate the innate immune response to the pathogen (Politch et 
al., 2007; Robertson et al., 2009; Robertson et al., 2002; Robertson and Sharkey, 2001). 
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2) Seminal adaptive immune response actors 

We assessed the presence of two major actors of the adaptive immune response 

against HIV/SIV: SIV-specific IgG and CD8+ T cells. 

 

a. SIV-specific IgG levels in semen 
Semen viral RNA load and SIV-specific IgG titers did not correlate, suggesting that the 

local humoral response fail to control viral shedding. This is consistent with the observation 

made on human patients where systemic antibody response to HIV following infection is 

poorly inducible and mostly ineffective, with the early B-cell response being largely directed 

against non-neutralizing epitopes of HIV envelope, and the later response being impaired by 

B-cell aberrant hyperactivation and abnormalities. Further neutralization assay needs to be 

done to investigate the neutralizing activity of semen SIV-specific IgG. Indeed, although a 

few studies reported the presence of neutralizing antibodies(Mestecky, 2007; Soderlund et 
al., 2004)(Mestecky, 2007; Soderlund et al., 2004), mostly IgA, seminal HIV-specific 

antibodies activity remains poorly described. Moreover, concentrations of SIV-specific IgA 

will be soon measured (in collaboration with Robin Shattock). 

 

Interestingly, studies on HIV controllers reported a higher level of antibodies with 

ADCC activity than in progressor patients. Therefore it would be also interesting to evaluate 

ADCC activity in semen SIV-specific antibodies in infected macaques, and investigate 

whether it might be associated with local viral shedding. 

b. Seminal SIV-specific CD8+ T cell response 
CD8+ T cells play an important role in controlling HIV/SIV replication and disease 

progression. Moreover, the presence highly polyfunctional T cells in elite controllers and 

long-term nonprogressor HIV patients (Betts et al., 2006; Dembek et al., 2012).  

-specific T cell 

response, with the exception of two animals. Both had a high proportion of IFN- -

MIP- esponses were about 

10-fold higher in semen than in peripheral blood. Importantly, this high SIV-specific response 

in semen was associated with a elevated local viral shedding. This suggests that the SIV-

specific T cells do not significantly impact virus replication. Given the small number of studied 

macaques, no significant trend in the relation between specific T cell response and local viral 

shedding was reached. We therefore need to increase the number of animals in this study. 

Moreover, it would be highly interesting to assess if semen SIV-specific T cells are able to kill 

semen infected cells, and thereby to impact semen infectivity.  
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III. Perspectives 

In this work, we tried to characterized finely the major SIV target cells that are present 

in the semen of infected animals, and demonstrated that they can be productively infected at 

all stages of SIV infection. Together with previous results obtained by our group, confirming 

that infected leukocytes are able to transmit infection after vaginal exposure and without 

inducing any damages in the exposed mucosa (Salle et al., 2010), they provide strong 

evidence that infected semen leukocytes may play a role in HIV sexual transmission. 

However, more work needs to be done to fully demonstrate our hypothesis. 

 

A. Short-term perspectives 

1) Continuation of the in vivo assay of semen leukocytes infectivity 

At first, we need to pursue in vivo inoculations of sorted leukocytes from infected 

macaques. Importantly, we may need to increase the number of inoculated cells. The effect 

of seminal plasma on cell-associated virus transmission should also be investigated. 

Secondly, if the in vivo infectivity of semen leukocytes is confirmed, it would be of 

major interest to determine which type of cells are able to transmit infection: CD4+ T cells 

and/or macrophages. However, it would involve to collecting enough cells of each type, 

which could constitute a major limitation of our model. 

Finally, by multiplying the experiments and the successful transmission events, we 

might be able to calculate the minimal dose necessary to produce infection and thereby the 

AID50. 

 

2) Characterization of the SIV-specific adaptive response in semen 

The work initiated here to fully characterize the SIV-specific adaptive response in 

semen of infected macaques needs to be completed by supplementary experiments. 

 

The dosage of SIV-specific IgA will be performed in the semen of infected macaques 

at all stages of infection. We will also pursue further tests to assess neutralization and ADCC 

activity of semen antibodies targeting SIV proteins. 
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Similarly, we need to continue the initiated work on the characterization of SIV-specific 

T cell responses. We will increase the number of studied macaques, in order to perform 

statistical analysis. Moreover, we will develop another panel in order to study the Th2 

response in CD4+ T helper cells.  

 

These investigations will maybe allow to identifying a potential influence of seminal 

viral shedding and infectivity. 

 

3) Further characterization of semen leukocytes 

To our knowledge, we described for the first time the presence of dendritic cells in the 

semen. Although we identified a population of plasmacytoid DCs, the other cells remain to be 

fully characterized. 

 

 yet the presence of B cells and NK cells, two other 

major actors of the immune response against HIV/SIV.  

 

4) Study of semen viral genetics 

Evidence of a compartmentalization of HIV-1 variants between blood and semen, but 

also between viral particles and cell-associated virus in semen, has been reported in human 

(Coombs et al., 1998; Gupta et al., 2000; Paranjpe et al., 2002; Zhu et al., 1996). We would 

like to investigate such a compartmentalization in cynomolgus macaques. In particular, its 

dynamics during primary and chronic infection remains poorly investigated. Therefore, our 

experimental model may be highly interesting. Isolation of semen CD4+ T cells and 

macrophages would allow us to sequence separately the provirus and thereby investigate 

whether viral variants may or not be different in the two cell types. 

 

In this perspective, sequencing of the virus will be performed in paired blood and 

semen samples: 

 in semen and blood plasma, 

 in semen and blood mononuclear cells. 

Notably, tropism for the virus coreceptors (CCR5- versus CXCR4-tropic strains) will be 

investigated. 
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5) Dilution of the sorted semen leukocytes with seminal fluid 

As we mentioned it earlier (see Introduction), the basic pH of seminal plasma has a 

buffering activity on vaginal acidic pH. That may play a protective role of the inoculated cells, 

since acidic pH immobilizes and kills leukocytes in vitro (Olmsted et al., 2005).  

 

Furthermore, we and other described that seminal plasma contains numerous factors 

susceptible to modulate leukocytes infectivity. Importantly, the high levels of pro-

inflammatory and chemoattractant molecules (IL-8, MCP-1, RANTES, MIP-1

are susceptible to induce an influx of virus target cells towards the mucosal epithelial surface 

and thereby increase the probability of a cell-to-cell contact between an inoculated cell and a 

host target cell.  

 

Therefore, the adjunction of seminal plasma in the inoculum, diluted or not in PBS, 

might be important to consider for further experiments. 

 

B. Long-term perspectives 

If the cell-associated virus transmission is confirmed in vivo, two major questions will 

necessitate further research: by which mechanisms do the infected cells transmit infection, 

and how do we block this transmission? 

 

1) Investigation of the mechanisms underlying cell-associated transmission 

Previous work using labeled immune cells (PBMCs or splenocytes) demonstrated that, 

after vaginal exposure, some are able to migrated through the mucosal barrier and diffuse 

towards draining lymph nodes (Di Fabio et al., 2001; Salle et al., 2010; Zacharopoulos et al., 
1997). If we confirm that semen leukocytes are able to transmit infection in vivo after 

mucosal exposure, it would be on major interest to investigate whether they display the same 

migratory and dissemination properties.  

Labeling the semen leukocytes with fluorescent molecules like CFSE and perform the 

same type of experiments than the cited groups would be feasible. 

An alternative could be to label the cells with radioactive elements (18Fluor or 111In 

for example) and to track them in vivo by imaging (Positron Emission Tomography  PET  
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or scintigraphy). Such technique would allow to investigating the precise dynamics of the 

potential migration of cells after exposure. 

 

Moreover, we are going to develop in the next few months an ex vivo model with 

mucosal tissue explants (from macaque colo-rectal or cervico-vaginal tissue), to study the 

earliest steps of cell-associated transmission by semen leukocytes. We would like to 

investigate whether they can reproduce the different mechanisms of HIV transmission that 

have been described using such experimental model and reported here (see Introduction, 

Chapter II): a) formation of a virological synapse with either epithelial cells, followed by the 

transcytosis of viral particles through the epithelial surface, or with mucosal HIV/SIV target 

cells (DCs, macrophages or CD4+ T cells); b) transmigration through the mucosa.  

Furthermore, further tests need to be done to assess the effect of mucus in trapping 

semen leukocytes, as well as the influence of local pH on their motility and viability. 

Importantly, we must consider the buffering effect of seminal plasma. 

 

2) Preventive strategies to block cell-associated transmission 

If confirmed and characterized, HIV/SIV cell-associated transmission by semen 

leukocytes must be taken into consideration for further development of prevention strategies. 

Our findings in semen leukocytes expression of migration and adhesion markers may help to 

identify potential molecules (like LFA-1 and CCR5) which could be targeted with specific 

antibodies or competitive inhibitors. 

 

The ex vivo explants model we will develop should help to test candidates molecules. 

Moreover, the system developed by the team of Prof. Deborah Anderson, consisting in a 

reconstituted human vaginal tissue, has proven its relevance and utility in this context. 

Further collaboration should be of major interest. 

 

Finally, designing further experiments with a complete inoculum, which includes 

seminal plasma, cell-free and cell-associated virus, is one of our major objectives. This might 

provide powerful tools to improve our actual in vivo pre-clinical model to test new prevention 

strategies against HIV-1 sexual transmission. 

  



122 
 

 

 

 

Bibliography 

  



123 
 

(2012). Update to CDC's U.S. Medical Eligibility Criteria for Contraceptive Use, 2010: revised 

recommendations for the use of hormonal contraception among women at high risk for HIV 

infection or infected with HIV. MMWR Morb Mortal Wkly Rep 61, 449-452. 

Aarnink, A., Dereuddre-Bosquet, N., Vaslin, B., Le Grand, R., Winterton, P., Apoil, P.A., and 

Blancher, A. (2011a). Influence of the MHC genotype on the progression of experimental SIV 

infection in the Mauritian cynomolgus macaque. Immunogenetics 63, 267-274. 

Aarnink, A., Garchon, H.J., Puissant-Lubrano, B., Blancher-Sardou, M., Apoil, P.A., and 

Blancher, A. (2011b). Impact of MHC class II polymorphism on blood counts of CD4+ T 

lymphocytes in macaque. Immunogenetics 63, 95-102. 

Abbas, U.L., Anderson, R.M., and Mellors, J.W. (2007). Potential impact of antiretroviral 

chemoprophylaxis on HIV-1 transmission in resource-limited settings. PLoS One 2, e875. 

Abela, I.A., Berlinger, L., Schanz, M., Reynell, L., Gunthard, H.F., Rusert, P., and Trkola, A. 

(2012). Cell-cell transmission enables HIV-1 to evade inhibition by potent CD4bs directed 

antibodies. PLoS Pathog 8, e1002634. 

Agace, W.W., Amara, A., Roberts, A.I., Pablos, J.L., Thelen, S., Uguccioni, M., Li, X.Y., 

Marsal, J., Arenzana-Seisdedos, F., Delaunay, T., et al. (2000). Constitutive expression of 

stromal derived factor-1 by mucosal epithelia and its role in HIV transmission and 

propagation. Current biology : CB 10, 325-328. 

Agarwal, A., and Prabakaran, S.A. (2005). Mechanism, measurement, and prevention of 

oxidative stress in male reproductive physiology. Indian journal of experimental biology 43, 

963-974. 

Al-Harthi, L., Spear, G.T., Hashemi, F.B., Landay, A., Sha, B.E., and Roebuck, K.A. (1998). 

A human immunodeficiency virus (HIV)-inducing factor from the female genital tract activates 

HIV-1 gene expression through the kappaB enhancer. J Infect Dis 178, 1343-1351. 

Alexander, N.J. (1990). Sexual transmission of human immunodeficiency virus: virus entry 

into the male and female genital tract. World Health Organization, Global Programme on 

Acquired Immune Deficiency Syndrome. Fertil Steril 54, 1-18. 

Alexander, R., and Mestecky, J. (2007). Neutralizing antibodies in mucosal secretions: IgG or 

IgA? Curr HIV Res 5, 588-593. 



124 
 

Alfsen, A., Yu, H., Magerus-Chatinet, A., Schmitt, A., and Bomsel, M. (2005). HIV-1-infected 

blood mononuclear cells form an integrin- and agrin-dependent viral synapse to induce 

efficient HIV-1 transcytosis across epithelial cell monolayer. Molecular biology of the cell 16, 

4267-4279. 

Allen, R.D., and Roberts, T.K. (1987). Role of spermine in the cytotoxic effects of seminal 

plasma. American journal of reproductive immunology and microbiology : AJRIM 13, 4-8. 

Amerongen, H.M., Weltzin, R., Farnet, C.M., Michetti, P., Haseltine, W.A., and Neutra, M.R. 

(1991). Transepithelial transport of HIV-1 by intestinal M cells: a mechanism for transmission 

of AIDS. J Acquir Immune Defic Syndr 4, 760-765. 

Amsel, R., Totten, P.A., Spiegel, C.A., Chen, K.C., Eschenbach, D., and Holmes, K.K. 

(1983). Nonspecific vaginitis. Diagnostic criteria and microbial and epidemiologic 

associations. The American journal of medicine 74, 14-22. 

Anderson, D., Politch, J.A., and Pudney, J. (2011). HIV infection and immune defense of the 

penis. Am J Reprod Immunol 65, 220-229. 

Anderson, D.J. (2010). Finally, a macaque model for cell-associated SIV/HIV vaginal 

transmission. J Infect Dis 202, 333-336. 

Anderson, D.J., Bach, D.L., Yunis, E.J., and DeWolf, W.C. (1982). Major histocompatibility 

antigens are not expressed on human epididymal sperm. J Immunol 129, 452-454. 

Anderson, D.J., O'Brien, T.R., Politch, J.A., Martinez, A., Seage, G.R., 3rd, Padian, N., 

Horsburgh, C.R., Jr., and Mayer, K.H. (1992). Effects of disease stage and zidovudine 

therapy on the detection of human immunodeficiency virus type 1 in semen. JAMA 267, 

2769-2774. 

Anderson, D.J., Politch, J.A., Martinez, A., Van Voorhis, B.J., Padian, N.S., and O'Brien, T.R. 

(1991). White blood cells and HIV-1 in semen from vasectomised seropositive men. Lancet 
338, 573-574. 

Anderson, D.J., Politch, J.A., Nadolski, A.M., Blaskewicz, C.D., Pudney, J., and Mayer, K.H. 

(2010a). Targeting Trojan Horse leukocytes for HIV prevention. AIDS 24, 163-187. 

Anderson, D.J., Politch, J.A., Tucker, L.D., Fichorova, R., Haimovici, F., Tuomala, R.E., and 

Mayer, K.H. (1998). Quantitation of mediators of inflammation and immunity in genital tract 



125 
 

secretions and their relevance to HIV type 1 transmission. AIDS Res Hum Retroviruses 14 
Suppl 1, S43-49. 

Anderson, D.J.P., J. (2005). Mucosal Immunology. Mucosal immunology of the human male 

genital tract and experimental models, 3rd edition edn (New-York: Elsevier Academic Press). 

Anderson, D.J.P., J. A.; O'Brien, W. X.; Xu, C.; Bowman, F. P.; Mayer, K. H. (2009). 

Persistent HIV-1 RNA shedding in semen of men on HAART is associated with high risk 

sexual behavior. Paper presented at: 5th IAS Conference on HIV pathogenesis, Treatment 

and Prevention (Cape Town, South Africa). 

Anderson, J.A., Ping, L.H., Dibben, O., Jabara, C.B., Arney, L., Kincer, L., Tang, Y., Hobbs, 

M., Hoffman, I., Kazembe, P., et al. (2010b). HIV-1 Populations in Semen Arise through 

Multiple Mechanisms. PLoS Pathog 6. 

Anderson, J.M., Van Itallie, C.M., and Fanning, A.S. (2004). Setting up a selective barrier at 

the apical junction complex. Current opinion in cell biology 16, 140-145. 

Antonio, M.A., Hawes, S.E., and Hillier, S.L. (1999). The identification of vaginal 

Lactobacillus species and the demographic and microbiologic characteristics of women 

colonized by these species. J Infect Dis 180, 1950-1956. 

Antoniou, T., Hasan, S., Loutfy, M.R., Kovacs, C., Brunetta, J., Smith, G., Halpenny, R., and 

La Porte, C. (2013). Pharmacokinetics of maraviroc, raltegravir, darunavir, and etravirine in 

the semen of HIV-infected men. J Acquir Immune Defic Syndr 62, e58-60. 

Apetrei, C., Lerche, N.W., Pandrea, I., Gormus, B., Silvestri, G., Kaur, A., Robertson, D.L., 

Hardcastle, J., Lackner, A.A., and Marx, P.A. (2006). Kuru experiments triggered the 

emergence of pathogenic SIVmac. AIDS 20, 317-321. 

Appay, V., van Lier, R.A., Sallusto, F., and Roederer, M. (2008). Phenotype and function of 

human T lymphocyte subsets: consensus and issues. Cytometry Part A : the journal of the 

International Society for Analytical Cytology 73, 975-983. 

Arrighi, J.F., Pion, M., Garcia, E., Escola, J.M., van Kooyk, Y., Geijtenbeek, T.B., and Piguet, 

V. (2004). DC-SIGN-mediated infectious synapse formation enhances X4 HIV-1 transmission 

from dendritic cells to T cells. J Exp Med 200, 1279-1288. 



126 
 

Atkins, M.C., Carlin, E.M., Emery, V.C., Griffiths, P.D., and Boag, F. (1996). Fluctuations of 

HIV load in semen of HIV positive patients with newly acquired sexually transmitted 

diseases. BMJ 313, 341-342. 

Aubertin, A.M., Le Grand, R., Wang, Y., Beyer, C., Tao, L., Neildez, O., Barre-Sinoussi, F., 

Hurtrel, B., Moog, C., Lehner, T., et al. (2000). Generation of CD8+ T cell-generated 

suppressor factor and beta-chemokines by targeted iliac lymph node immunization in rhesus 

monkeys challenged with SHIV-89.6P by the rectal route. AIDS Res Hum Retroviruses 16, 

381-392. 

Auvert, B., Taljaard, D., Lagarde, E., Sobngwi-Tambekou, J., Sitta, R., and Puren, A. (2005). 

Randomized, controlled intervention trial of male circumcision for reduction of HIV infection 

risk: the ANRS 1265 Trial. PLoS medicine 2, e298. 

Avery, L.B., Bakshi, R.P., Cao, Y.J., and Hendrix, C.W. (2011). The male genital tract is not a 

pharmacological sanctuary from efavirenz. Clin Pharmacol Ther 90, 151-156. 

Baccetti, B., Benedetto, A., Burrini, A.G., Collodel, G., Elia, C., Piomboni, P., Renieri, T., 

Sensini, C., and Zaccarelli, M. (1991). HIV particles detected in spermatozoa of patients with 

AIDS. Journal of submicroscopic cytology and pathology 23, 339-345. 

Badia, R., Iborra, A., Palacio, J.R., Antich, M., and Martinez, P. (2008). The effect of 

oxidative environment on immunosuppressive properties of human seminal plasma. Am J 

Reprod Immunol 60, 354-360. 

Baeten, J.M., Benki, S., Chohan, V., Lavreys, L., McClelland, R.S., Mandaliya, K., Ndinya-

Achola, J.O., Jaoko, W., and Overbaugh, J. (2007). Hormonal contraceptive use, herpes 

simplex virus infection, and risk of HIV-1 acquisition among Kenyan women. AIDS 21, 1771-

1777. 

Bagasra, O., Farzadegan, H., Seshamma, T., Oakes, J.W., Saah, A., and Pomerantz, R.J. 

(1994). Detection of HIV-1 proviral DNA in sperm from HIV-1-infected men. AIDS 8, 1669-

1674. 

Baggaley, R.F., White, R.G., and Boily, M.C. (2010). HIV transmission risk through anal 

intercourse: systematic review, meta-analysis and implications for HIV prevention. 

International journal of epidemiology 39, 1048-1063. 



127 
 

Bahamondes, L., Trevisan, M., Andrade, L., Marchi, N.M., Castro, S., Diaz, J., and Faundes, 

A. (2000). The effect upon the human vaginal histology of the long-term use of the injectable 

contraceptive Depo-Provera. Contraception 62, 23-27. 

Balandya, E., Sheth, S., Sanders, K., Wieland-Alter, W., and Lahey, T. (2010). Semen 

protects CD4+ target cells from HIV infection but promotes the preferential transmission of 

R5 tropic HIV. J Immunol 185, 7596-7604. 

Ball, J.K., Curran, R., Irving, W.L., and Dearden, A.A. (1999). HIV-1 in semen: determination 

of proviral and viral titres compared to blood, and quantification of semen leukocyte 

populations. J Med Virol 59, 356-363. 

Banks-Schlegel, S., and Green, H. (1981). Involucrin synthesis and tissue assembly by 

keratinocytes in natural and cultured human epithelia. The Journal of cell biology 90, 732-

737. 

Belec, L., Georges, A.J., Steenman, G., and Martin, P.M. (1989a). Antibodies to human 

immunodeficiency virus in the semen of heterosexual men. J Infect Dis 159, 324-327. 

Belec, L., Georges, A.J., Steenman, G., and Martin, P.M. (1989b). Antibodies to human 

immunodeficiency virus in vaginal secretions of heterosexual women. J Infect Dis 160, 385-

391. 

Belec, L., Tevi-Benissan, C., Lu, X.S., Prazuck, T., and Pillot, J. (1995). Local synthesis of 

IgG antibodies to HIV within the female and male genital tracts during asymptomatic and pre-

AIDS stages of HIV infection. AIDS Res Hum Retroviruses 11, 719-729. 

Belec, L.A., B.; Becquart, P.; Bouhlal, H.; Bozon, M.; Butor, C.; Caraël, M.; Charpentier, C.; 

Chomont, N.; Gee Teo, C.; Delezay, O.; Deniaud, F.; Garraud, O.; Génin, C.; Grésenguet, 

G.; Hocini, H.; Korenromp, E.; Legoff, J.; Le Grand, R.; Mabey, D.; Males, D.; Malkin, J-E.; 

Mayaud, P.; Mbopi Kéou, F-X.; Messiah, A.; Pancino, G.; Porter, S.; Requena, M.; Roques, 

P.; Saïdi, H.; Salle, B.; Si-Mohamed, A.; Van De Perre, P.; Vanham, G.; Weiss, H. (2007). 

Transmission sexuelle de l'infection par le VIH (France: Editions John Libbey Eurotext, 127 

avenue de la République, 92120 Montrouge, France). 

Berges, B.K., Akkina, S.R., Folkvord, J.M., Connick, E., and Akkina, R. (2008). Mucosal 

transmission of R5 and X4 tropic HIV-1 via vaginal and rectal routes in humanized Rag2-/- 

gammac -/- (RAG-hu) mice. Virology 373, 342-351. 



128 
 

Bergey, E.J., Cho, M.I., Blumberg, B.M., Hammarskjold, M.L., Rekosh, D., Epstein, L.G., and 

Levine, M.J. (1994). Interaction of HIV-1 and human salivary mucins. J Acquir Immune Defic 

Syndr 7, 995-1002. 

Bergman, P., Walter-Jallow, L., Broliden, K., Agerberth, B., and Soderlund, J. (2007). The 

antimicrobial peptide LL-37 inhibits HIV-1 replication. Curr HIV Res 5, 410-415. 

Bergmeier, L.A., Babaahmady, K., Wang, Y., and Lehner, T. (2005). Mucosal 

alloimmunization elicits T-cell proliferation, CC chemokines, CCR5 antibodies and inhibition 

of simian immunodeficiency virus infectivity. The Journal of general virology 86, 2231-2238. 

Berkhout, B., van Wamel, J.L., Beljaars, L., Meijer, D.K., Visser, S., and Floris, R. (2002). 

Characterization of the anti-HIV effects of native lactoferrin and other milk proteins and 

protein-derived peptides. Antiviral research 55, 341-355. 

Berkley, S., Naamara, W., Okware, S., Downing, R., Konde-Lule, J., Wawer, M., Musagaara, 

M., and Musgrave, S. (1990). AIDS and HIV infection in Uganda--are more women infected 

than men? AIDS 4, 1237-1242. 

Berlier, W., Bourlet, T., Levy, R., Lucht, F., Pozzetto, B., and Delezay, O. (2006). Amount of 

seminal IL-1beta positively correlates to HIV-1 load in the semen of infected patients. J Clin 

Virol 36, 204-207. 

Betts, M.R., Nason, M.C., West, S.M., De Rosa, S.C., Migueles, S.A., Abraham, J., 

Lederman, M.M., Benito, J.M., Goepfert, P.A., Connors, M., et al. (2006). HIV 

nonprogressors preferentially maintain highly functional HIV-specific CD8+ T cells. Blood 
107, 4781-4789. 

Beyrer, C., Baral, S.D., van Griensven, F., Goodreau, S.M., Chariyalertsak, S., Wirtz, A.L., 

and Brookmeyer, R. (2012). Global epidemiology of HIV infection in men who have sex with 

men. Lancet 380, 367-377. 

Bhardwaj, N.H., F.; Moir, S. (2012). The immune response to HIV. In Nature Publishing 

Group, N.R.I.f.S. Technologies, ed. (MacMillans Publishers Limited ). 

Bhoopat, L., Eiangleng, L., Rugpao, S., Frankel, S.S., Weissman, D., Lekawanvijit, S., 

Petchjom, S., Thorner, P., and Bhoopat, T. (2001). In vivo identification of Langerhans and 

related dendritic cells infected with HIV-1 subtype E in vaginal mucosa of asymptomatic 

patients. Modern pathology : an official journal of the United States and Canadian Academy 

of Pathology, Inc 14, 1263-1269. 



129 
 

Blanchet, F., Moris, A., Mitchell, J.P., and Piguet, V. (2011). A look at HIV journey: from 

dendritic cells to infection spread in CD4(+) T cells. Current opinion in HIV and AIDS 6, 391-

397. 

Blankson, J.N., Finzi, D., Pierson, T.C., Sabundayo, B.P., Chadwick, K., Margolick, J.B., 

Quinn, T.C., and Siliciano, R.F. (2000). Biphasic decay of latently infected CD4+ T cells in 

acute human immunodeficiency virus type 1 infection. J Infect Dis 182, 1636-1642. 

Blankson, J.N., Persaud, D., and Siliciano, R.F. (2002). The challenge of viral reservoirs in 

HIV-1 infection. Annual review of medicine 53, 557-593. 

Blaskewicz, C.D., Pudney, J., and Anderson, D.J. (2011). Structure and function of 

intercellular junctions in human cervical and vaginal mucosal epithelia. Biol Reprod 85, 97-

104. 

Blaskewicz, C.D.N., A.; Pudney, J.; Ayehunie, S.; Anderson, D. J. (2009). Role of integrin 

receptors and junctional proteins in macrophage migration through a vaginal epithelial tissue 

model. Paper presented at: 14th International Congress of Mucosal Immunology (Boston, 

Massachusetts, USA). 

Bobardt, M.D., Chatterji, U., Selvarajah, S., Van der Schueren, B., David, G., Kahn, B., and 

Gallay, P.A. (2007). Cell-free human immunodeficiency virus type 1 transcytosis through 

primary genital epithelial cells. J Virol 81, 395-405. 

Boily, M.C., Baggaley, R.F., Wang, L., Masse, B., White, R.G., Hayes, R.J., and Alary, M. 

(2009). Heterosexual risk of HIV-1 infection per sexual act: systematic review and meta-

analysis of observational studies. The Lancet infectious diseases 9, 118-129. 

Bomsel, M. (1997). Transcytosis of infectious human immunodeficiency virus across a tight 

human epithelial cell line barrier. Nat Med 3, 42-47. 

Bomsel, M., and Alfsen, A. (2003). Entry of viruses through the epithelial barrier: pathogenic 

trickery. Nature reviews Molecular cell biology 4, 57-68. 

Bomsel, M., and David, V. (2002). Mucosal gatekeepers: selecting HIV viruses for early 

infection. Nat Med 8, 114-116. 

Bonsignori, M., Alam, S.M., Liao, H.X., Verkoczy, L., Tomaras, G.D., Haynes, B.F., and 

Moody, M.A. (2012). HIV-1 antibodies from infection and vaccination: insights for guiding 

vaccine design. Trends in microbiology 20, 532-539. 



130 
 

Bouhlal, H., Chomont, N., Haeffner-Cavaillon, N., Kazatchkine, M.D., Belec, L., and Hocini, 

H. (2002). Opsonization of HIV-1 by semen complement enhances infection of human 

epithelial cells. J Immunol 169, 3301-3306. 

Bouhlal, H., Chomont, N., Requena, M., Nasreddine, N., Saidi, H., Legoff, J., Kazatchkine, 

M.D., Belec, L., and Hocini, H. (2007). Opsonization of HIV with complement enhances 

infection of dendritic cells and viral transfer to CD4 T cells in a CR3 and DC-SIGN-dependent 

manner. J Immunol 178, 1086-1095. 

Boukari, H., Brichacek, B., Stratton, P., Mahoney, S.F., Lifson, J.D., Margolis, L., and Nossal, 

R. (2009). Movements of HIV-virions in human cervical mucus. Biomacromolecules 10, 

2482-2488. 

Bourinbaiar, A.S., and Phillips, D.M. (1991). Transmission of human immunodeficiency virus 

from monocytes to epithelia. J Acquir Immune Defic Syndr 4, 56-63. 

Bouschbacher, M., Bomsel, M., Verronese, E., Gofflo, S., Ganor, Y., Dezutter-Dambuyant, 

C., and Valladeau, J. (2008). Early events in HIV transmission through a human 

reconstructed vaginal mucosa. AIDS 22, 1257-1266. 

Boyce, J.A. (2008). Eicosanoids in asthma, allergic inflammation, and host defense. Current 

molecular medicine 8, 335-349. 

Brenchley, J.M., Silvestri, G., and Douek, D.C. (2010). Nonprogressive and progressive 

primate immunodeficiency lentivirus infections. Immunity 32, 737-742. 

Bromley, S.K., Burack, W.R., Johnson, K.G., Somersalo, K., Sims, T.N., Sumen, C., Davis, 

M.M., Shaw, A.S., Allen, P.M., and Dustin, M.L. (2001). The immunological synapse. Annual 

review of immunology 19, 375-396. 

Brotman, R.M. (2011). Vaginal microbiome and sexually transmitted infections: an 

epidemiologic perspective. The Journal of clinical investigation 121, 4610-4617. 

Bujan, L., Daudin, M., Matsuda, T., Righi, L., Thauvin, L., Berges, L., Izopet, J., Berrebi, A., 

Massip, P., and Pasquier, C. (2004). Factors of intermittent HIV-1 excretion in semen and 

efficiency of sperm processing in obtaining spermatozoa without HIV-1 genomes. AIDS 18, 

757-766. 

Burwitz, B.J., Pendley, C.J., Greene, J.M., Detmer, A.M., Lhost, J.J., Karl, J.A., Piaskowski, 

S.M., Rudersdorf, R.A., Wallace, L.T., Bimber, B.N., et al. (2009). Mauritian cynomolgus 



131 
 

macaques share two exceptionally common major histocompatibility complex class I alleles 

that restrict simian immunodeficiency virus-specific CD8+ T cells. J Virol 83, 6011-6019. 

Butor, C., Couedel-Courteille, A., Guillet, J.G., and Venet, A. (1996). Differential distribution 

of galactosylceramide, H antigen, and carcinoembryonic antigen in rhesus macaque 

digestive mucosa. J Histochem Cytochem 44, 1021-1031. 

Byrn, R.A., and Kiessling, A.A. (1998). Analysis of human immunodeficiency virus in semen: 

indications of a genetically distinct virus reservoir. J Reprod Immunol 41, 161-176. 

Cameron, D.W., Simonsen, J.N., D'Costa, L.J., Ronald, A.R., Maitha, G.M., Gakinya, M.N., 

Cheang, M., Ndinya-Achola, J.O., Piot, P., Brunham, R.C., et al. (1989). Female to male 

transmission of human immunodeficiency virus type 1: risk factors for seroconversion in men. 

Lancet 2, 403-407. 

Candi, E., Schmidt, R., and Melino, G. (2005). The cornified envelope: a model of cell death 

in the skin. Nature reviews Molecular cell biology 6, 328-340. 

Cao, Y.J., and Hendrix, C.W. (2008). Male genital tract pharmacology: developments in 

quantitative methods to better understand a complex peripheral compartment. Clin 

Pharmacol Ther 83, 401-412. 

Carreno, M.P., Chomont, N., Kazatchkine, M.D., Irinopoulou, T., Krief, C., Mohamed, A.S., 

Andreoletti, L., Matta, M., and Belec, L. (2002). Binding of LFA-1 (CD11a) to intercellular 

adhesion molecule 3 (ICAM-3; CD50) and ICAM-2 (CD102) triggers transmigration of human 

immunodeficiency virus type 1-infected monocytes through mucosal epithelial cells. J Virol 
76, 32-40. 

Casslen, B., Sandberg, T., Gustavsson, B., Willen, R., and Nilbert, M. (1998). Transforming 

growth factor beta1 in the human endometrium. Cyclic variation, increased expression by 

estradiol and progesterone, and regulation of plasminogen activators and plasminogen 

activator inhibitor-1. Biol Reprod 58, 1343-1350. 

Ceballos, A., Remes Lenicov, F., Sabatte, J., Rodriguez Rodrigues, C., Cabrini, M., Jancic, 

C., Raiden, S., Donaldson, M., Agustin Pasqualini, R., Jr., Marin-Briggiler, C., et al. (2009). 

Spermatozoa capture HIV-1 through heparan sulfate and efficiently transmit the virus to 

dendritic cells. J Exp Med 206, 2717-2733. 

Chakraborty, H., Sen, P.K., Helms, R.W., Vernazza, P.L., Fiscus, S.A., Eron, J.J., Patterson, 

B.K., Coombs, R.W., Krieger, J.N., and Cohen, M.S. (2001). Viral burden in genital 



132 
 

secretions determines male-to-female sexual transmission of HIV-1: a probabilistic empiric 

model. AIDS 15, 621-627. 

Chan, D.J., Ray, J.E., McNally, L., Batterham, M., and Smith, D.E. (2008). Correlation 

between HIV-1 RNA load in blood and seminal plasma depending on antiretroviral treatment 

status, regimen and penetration of semen by antiretroviral drugs. Curr HIV Res 6, 477-484. 

Chandra, N., Thurman, A.R., Anderson, S., Cunningham, T.D., Yousefieh, N., Mauck, C., 

and Doncel, G.F. (2013). Depot medroxyprogesterone acetate increases immune cell 

numbers and activation markers in human vaginal mucosal tissues. AIDS Res Hum 

Retroviruses 29, 592-601. 

Chang, T.L., Vargas, J., Jr., DelPortillo, A., and Klotman, M.E. (2005). Dual role of alpha-

defensin-1 in anti-HIV-1 innate immunity. The Journal of clinical investigation 115, 765-773. 

Chen, P., Hubner, W., Spinelli, M.A., and Chen, B.K. (2007). Predominant mode of human 

immunodeficiency virus transfer between T cells is mediated by sustained Env-dependent 

neutralization-resistant virological synapses. J Virol 81, 12582-12595. 

Chenine, A.L., Matouskova, E., Sanchez, G., Reischig, J., Pavlikova, L., LeContel, C., 

Chermann, J.C., and Hirsch, I. (1998). Primary intestinal epithelial cells can be infected with 

laboratory-adapted strain HIV type 1 NDK but not with clinical primary isolates. AIDS Res 

Hum Retroviruses 14, 1235-1238. 

Chenine, A.L., Siddappa, N.B., Kramer, V.G., Sciaranghella, G., Rasmussen, R.A., Lee, S.J., 

Santosuosso, M., Poznansky, M.C., Velu, V., Amara, R.R., et al. (2010). Relative 

transmissibility of an R5 clade C simian-human immunodeficiency virus across different 

mucosae in macaques parallels the relative risks of sexual HIV-1 transmission in humans via 

different routes. J Infect Dis 201, 1155-1163. 

Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F.A., Yassine-Diab, B., 

Boucher, G., Boulassel, M.R., Ghattas, G., Brenchley, J.M., et al. (2009). HIV reservoir size 

and persistence are driven by T cell survival and homeostatic proliferation. Nat Med 15, 893-

900. 

Chomont, N., Hocini, H., Gody, J.C., Bouhlal, H., Becquart, P., Krief-Bouillet, C., 

Kazatchkine, M., and Belec, L. (2008). Neutralizing monoclonal antibodies to human 

immunodeficiency virus type 1 do not inhibit viral transcytosis through mucosal epithelial 

cells. Virology 370, 246-254. 



133 
 

Christopher-Hennings, J., Nelson, E.A., Althouse, G.C., and Lunney, J. (2008). Comparative 

antiviral and proviral factors in semen and vaccines for preventing viral dissemination from 

the male reproductive tract and semen. Animal health research reviews / Conference of 

Research Workers in Animal Diseases 9, 59-69. 

Chun, T.W., Engel, D., Berrey, M.M., Shea, T., Corey, L., and Fauci, A.S. (1998). Early 

establishment of a pool of latently infected, resting CD4(+) T cells during primary HIV-1 

infection. Proc Natl Acad Sci U S A 95, 8869-8873. 

Chun, T.W., Finzi, D., Margolick, J., Chadwick, K., Schwartz, D., and Siliciano, R.F. (1995). 

In vivo fate of HIV-1-infected T cells: quantitative analysis of the transition to stable latency. 

Nat Med 1, 1284-1290. 

Chun, T.W., Justement, J.S., Moir, S., Hallahan, C.W., Maenza, J., Mullins, J.I., Collier, A.C., 

Corey, L., and Fauci, A.S. (2007). Decay of the HIV reservoir in patients receiving 

antiretroviral therapy for extended periods: implications for eradication of virus. J Infect Dis 
195, 1762-1764. 

Cocchi, F., DeVico, A.L., Garzino-Demo, A., Arya, S.K., Gallo, R.C., and Lusso, P. (1995). 

Identification of RANTES, MIP-1 alpha, and MIP-1 beta as the major HIV-suppressive factors 

produced by CD8+ T cells. Science 270, 1811-1815. 

Cohen, C.R., Duerr, A., Pruithithada, N., Rugpao, S., Hillier, S., Garcia, P., and Nelson, K. 

(1995). Bacterial vaginosis and HIV seroprevalence among female commercial sex workers 

in Chiang Mai, Thailand. AIDS 9, 1093-1097. 

Cohen, M.S. (2007). Preventing sexual transmission of HIV. Clin Infect Dis 45 Suppl 4, S287-

292. 

Cohen, M.S., Hoffman, I.F., Royce, R.A., Kazembe, P., Dyer, J.R., Daly, C.C., Zimba, D., 

Vernazza, P.L., Maida, M., Fiscus, S.A., et al. (1997). Reduction of concentration of HIV-1 in 

semen after treatment of urethritis: implications for prevention of sexual transmission of HIV-

1. AIDSCAP Malawi Research Group. Lancet 349, 1868-1873. 

Cold, C.J., and Taylor, J.R. (1999). The prepuce. BJU international 83 Suppl 1, 34-44. 

Collins, K.B., Patterson, B.K., Naus, G.J., Landers, D.V., and Gupta, P. (2000). Development 

of an in vitro organ culture model to study transmission of HIV-1 in the female genital tract. 

Nat Med 6, 475-479. 



134 
 

Coombs, R.W., Reichelderfer, P.S., and Landay, A.L. (2003). Recent observations on HIV 

type-1 infection in the genital tract of men and women. AIDS 17, 455-480. 

Coombs, R.W., Speck, C.E., Hughes, J.P., Lee, W., Sampoleo, R., Ross, S.O., Dragavon, J., 

Peterson, G., Hooton, T.M., Collier, A.C., et al. (1998). Association between culturable 

human immunodeficiency virus type 1 (HIV-1) in semen and HIV-1 RNA levels in semen and 

blood: evidence for compartmentalization of HIV-1 between semen and blood. J Infect Dis 
177, 320-330. 

Coombs, R.W., Wright, D.J., Reichelderfer, P.S., Burns, D.N., Cohn, J., Cu-Uvin, S., Baron, 

P.A., Cohen, M.H., Landay, A.L., Lewis, S., et al. (2001). Variation of human 

immunodeficiency virus type 1 viral RNA levels in the female genital tract: implications for 

applying measurements to individual women. J Infect Dis 184, 1187-1191. 

Corazziari, E.S. (2009). Intestinal mucus barrier in normal and inflamed colon. Journal of 

pediatric gastroenterology and nutrition 48 Suppl 2, S54-55. 

Couedel-Courteille, A., Butor, C., Juillard, V., Guillet, J.G., and Venet, A. (1999). 

Dissemination of SIV after rectal infection preferentially involves paracolic germinal centers. 

Virology 260, 277-294. 

Couedel-Courteille, A., Pretet, J.L., Barget, N., Jacques, S., Petitprez, K., Tulliez, M., Guillet, 

J.G., Venet, A., and Butor, C. (2003). Delayed viral replication and CD4(+) T cell depletion in 

the rectosigmoid mucosa of macaques during primary rectal SIV infection. Virology 316, 290-

301. 

Croughan, W.S., and Behbehani, A.M. (1988). Comparative study of inactivation of herpes 

simplex virus types 1 and 2 by commonly used antiseptic agents. J Clin Microbiol 26, 213-

215. 

Cu-Uvin, S., Caliendo, A.M., Reinert, S., Chang, A., Juliano-Remollino, C., Flanigan, T.P., 

Mayer, K.H., and Carpenter, C.C. (2000). Effect of highly active antiretroviral therapy on 

cervicovaginal HIV-1 RNA. AIDS 14, 415-421. 

Cummins, J.E., Jr., Guarner, J., Flowers, L., Guenthner, P.C., Bartlett, J., Morken, T., 

Grohskopf, L.A., Paxton, L., and Dezzutti, C.S. (2007). Preclinical testing of candidate topical 

microbicides for anti-human immunodeficiency virus type 1 activity and tissue toxicity in a 

human cervical explant culture. Antimicrob Agents Chemother 51, 1770-1779. 



135 
 

Cunningham, A.L., Donaghy, H., Harman, A.N., Kim, M., and Turville, S.G. (2010). 

Manipulation of dendritic cell function by viruses. Current opinion in microbiology 13, 524-

529. 

Curran, R., and Ball, J.K. (2002). Concordance between semen-derived HIV-1 proviral DNA 

and viral RNA hypervariable region 3 (V3) envelope sequences in cases where semen 

populations are distinct from those present in blood. J Med Virol 67, 9-19. 

D'Cruz, O.J., and Haas, G.G., Jr. (1990). Lack of complement activation in the seminal 

plasma of men with antisperm antibodies associated in vivo on their sperm. Am J Reprod 

Immunol 24, 51-57. 

da Silva, M., Shevchuk, M.M., Cronin, W.J., Armenakas, N.A., Tannenbaum, M., Fracchia, 

J.A., and Ioachim, H.L. (1990). Detection of HIV-related protein in testes and prostates of 

patients with AIDS. American journal of clinical pathology 93, 196-201. 

Daniel, M.D., Letvin, N.L., King, N.W., Kannagi, M., Sehgal, P.K., Hunt, R.D., Kanki, P.J., 

Essex, M., and Desrosiers, R.C. (1985). Isolation of T-cell tropic HTLV-III-like retrovirus from 

macaques. Science 228, 1201-1204. 

Davis, K.P., Maciulla, G.J., Yannone, M.E., Gooch, G.T., Lox, C.D., and Whetstone, M.R. 

(1983). Cervical mucus immunoglobulins as an indicator of ovulation. Obstetrics and 

gynecology 62, 388-392. 

de Lamirande, E. (2007). Semenogelin, the main protein of the human semen coagulum, 

regulates sperm function. Seminars in thrombosis and hemostasis 33, 60-68. 

de Vincenzi, I. (1994). A longitudinal study of human immunodeficiency virus transmission by 

heterosexual partners. European Study Group on Heterosexual Transmission of HIV. N Engl 

J Med 331, 341-346. 

de Witte, L., Nabatov, A., and Geijtenbeek, T.B. (2008). Distinct roles for DC-SIGN+-dendritic 

cells and Langerhans cells in HIV-1 transmission. Trends in molecular medicine 14, 12-19. 

de Witte, L., Nabatov, A., Pion, M., Fluitsma, D., de Jong, M.A., de Gruijl, T., Piguet, V., van 

Kooyk, Y., and Geijtenbeek, T.B. (2007). Langerin is a natural barrier to HIV-1 transmission 

by Langerhans cells. Nat Med 13, 367-371. 

Dean, M., Carrington, M., Winkler, C., Huttley, G.A., Smith, M.W., Allikmets, R., Goedert, 

J.J., Buchbinder, S.P., Vittinghoff, E., Gomperts, E., et al. (1996). Genetic restriction of HIV-1 



136 
 

infection and progression to AIDS by a deletion allele of the CKR5 structural gene. 

Hemophilia Growth and Development Study, Multicenter AIDS Cohort Study, Multicenter 

Hemophilia Cohort Study, San Francisco City Cohort, ALIVE Study. Science 273, 1856-

1862. 

Dejucq-Rainsford, N., and Jegou, B. (2004). Viruses in semen and male genital tissues--

consequences for the reproductive system and therapeutic perspectives. Curr Pharm Des 
10, 557-575. 

Delezay, O., Koch, N., Yahi, N., Hammache, D., Tourres, C., Tamalet, C., and Fantini, J. 

(1997). Co-expression of CXCR4/fusin and galactosylceramide in the human intestinal 

epithelial cell line HT-29. AIDS 11, 1311-1318. 

Delwart, E.L., Mullins, J.I., Gupta, P., Learn, G.H., Jr., Holodniy, M., Katzenstein, D., Walker, 

B.D., and Singh, M.K. (1998). Human immunodeficiency virus type 1 populations in blood 

and semen. J Virol 72, 617-623. 

Dembek, C.J., Kutscher, S., Allgayer, S., Russo, C., Bauer, T., Hoffmann, D., Goebel, F.D., 

Bogner, J.R., Erfle, V., Protzer, U., et al. (2012). Longitudinal changes in HIV-1-specific T-cell 

quality associated with viral load dynamic. J Clin Virol 55, 114-120. 

Denny, T.N., Scolpino, A., Garcia, A., Polyak, A., Weiss, S.N., Skurnick, J.H., Passannante, 

M.R., and Colon, J. (1995). Evaluation of T-lymphocyte subsets present in semen and 

peripheral blood of healthy donors: a report from the heterosexual transmission study. 

Cytometry 20, 349-355. 

Devito, C., Broliden, K., Kaul, R., Svensson, L., Johansen, K., Kiama, P., Kimani, J., Lopalco, 

L., Piconi, S., Bwayo, J.J., et al. (2000). Mucosal and plasma IgA from HIV-1-exposed 

uninfected individuals inhibit HIV-1 transcytosis across human epithelial cells. J Immunol 
165, 5170-5176. 

Dezzutti, C.S., Guenthner, P.C., Cummins, J.E., Jr., Cabrera, T., Marshall, J.H., Dillberger, 

A., and Lal, R.B. (2001). Cervical and prostate primary epithelial cells are not productively 

infected but sequester human immunodeficiency virus type 1. J Infect Dis 183, 1204-1213. 

Di Fabio, S., Giannini, G., Lapenta, C., Spada, M., Binelli, A., Germinario, E., Sestili, P., 

Belardelli, F., Proietti, E., and Vella, S. (2001). Vaginal transmission of HIV-1 in hu-SCID 

mice: a new model for the evaluation of vaginal microbicides. AIDS 15, 2231-2238. 



137 
 

Di Fabio, S., Van Roey, J., Giannini, G., van den Mooter, G., Spada, M., Binelli, A., Pirillo, 

M.F., Germinario, E., Belardelli, F., de Bethune, M.P., et al. (2003). Inhibition of vaginal 

transmission of HIV-1 in hu-SCID mice by the non-nucleoside reverse transcriptase inhibitor 

TMC120 in a gel formulation. AIDS 17, 1597-1604. 

Dickinson, B.L., Badizadegan, K., Wu, Z., Ahouse, J.C., Zhu, X., Simister, N.E., Blumberg, 

R.S., and Lencer, W.I. (1999). Bidirectional FcRn-dependent IgG transport in a polarized 

human intestinal epithelial cell line. The Journal of clinical investigation 104, 903-911. 

Dighiero, G., Guilbert, B., and Avrameas, S. (1982). Naturally occurring antibodies against 

nine common antigens in humans sera. II. High incidence of monoclonal Ig exhibiting 

antibody activity against actin and tubulin and sharing antibody specificities with natural 

antibodies. J Immunol 128, 2788-2792. 

Dinh, M.H., Hirbod, T., Kigozi, G., Okocha, E.A., Cianci, G.C., Kong, X., Prodger, J.L., 

Broliden, K., Kaul, R., Serwadda, D., et al. (2012a). No difference in keratin thickness 

between inner and outer foreskins from elective male circumcisions in Rakai, Uganda. PLoS 

One 7, e41271. 

Dinh, M.H., McRaven, M.D., Kelley, Z., Penugonda, S., and Hope, T.J. (2010). Keratinization 

of the adult male foreskin and implications for male circumcision. AIDS 24, 899-906. 

Dinh, M.H., Okocha, E.A., Koons, A., Veazey, R.S., and Hope, T.J. (2012b). Expression of 

structural proteins in human female and male genital epithelia and implications for sexually 

transmitted infections. Biol Reprod 86, 32. 

Doncel, G.F., Joseph, T., and Thurman, A.R. (2011). Role of semen in HIV-1 transmission: 

inhibitor or facilitator? Am J Reprod Immunol 65, 292-301. 

Dorrell, L., Hessell, A.J., Wang, M., Whittle, H., Sabally, S., Rowland-Jones, S., Burton, D.R., 

and Parren, P.W. (2000). Absence of specific mucosal antibody responses in HIV-exposed 

uninfected sex workers from the Gambia. AIDS 14, 1117-1122. 

Doyle, L., Young, C.L., Jang, S.S., and Hillier, S.L. (1991). Normal vaginal aerobic and 

anaerobic bacterial flora of the rhesus macaque (Macaca mulatta). J Med Primatol 20, 409-

413. 

Dulioust, E., Tachet, A., De Almeida, M., Finkielsztejn, L., Rivalland, S., Salmon, D., Sicard, 

D., Rouzioux, C., and Jouannet, P. (1998). Detection of HIV-1 in seminal plasma and 

seminal cells of HIV-1 seropositive men. J Reprod Immunol 41, 27-40. 



138 
 

Dussaix, E., Guetard, D., Dauguet, C., D'Almeida, M., Auer, J., Ellrodt, A., Montagnier, L., 

and Auroux, M. (1993). Spermatozoa as potential carriers of HIV. Res Virol 144, 487-495. 

Dyer, J.R., Eron, J.J., Hoffman, I.F., Kazembe, P., Vernazza, P.L., Nkata, E., Costello Daly, 

C., Fiscus, S.A., and Cohen, M.S. (1998a). Association of CD4 cell depletion and elevated 

blood and seminal plasma human immunodeficiency virus type 1 (HIV-1) RNA 

concentrations with genital ulcer disease in HIV-1-infected men in Malawi. J Infect Dis 177, 

224-227. 

Dyer, J.R., Gilliam, B.L., Eron, J.J., Jr., Grosso, L., Cohen, M.S., and Fiscus, S.A. (1996). 

Quantitation of human immunodeficiency virus type 1 RNA in cell free seminal plasma: 

comparison of NASBA with Amplicor reverse transcription-PCR amplification and correlation 

with quantitative culture. J Virol Methods 60, 161-170. 

Dyer, J.R., Kazembe, P., Vernazza, P.L., Gilliam, B.L., Maida, M., Zimba, D., Hoffman, I.F., 

Royce, R.A., Schock, J.L., Fiscus, S.A., et al. (1998b). High levels of human 

immunodeficiency virus type 1 in blood and semen of seropositive men in sub-Saharan 

Africa. J Infect Dis 177, 1742-1746. 

Dym, M.O., J. (1990). Heterosexual transmission of AIDS. Structure of the male reproductive 

tract in AIDS patients. (New-York: Wiley-Liss). 

Eisele, E., and Siliciano, R.F. (2012). Redefining the viral reservoirs that prevent HIV-1 

eradication. Immunity 37, 377-388. 

Eron, J.J., Vernazza, P.L., Johnston, D.M., Seillier-Moiseiwitsch, F., Alcorn, T.M., Fiscus, 

S.A., and Cohen, M.S. (1998). Resistance of HIV-1 to antiretroviral agents in blood and 

seminal plasma: implications for transmission. AIDS 12, F181-189. 

Evans, R., Patzak, I., Svensson, L., De Filippo, K., Jones, K., McDowall, A., and Hogg, N. 

(2009). Integrins in immunity. Journal of cell science 122, 215-225. 

Farrar, M.A., and Schreiber, R.D. (1993). The molecular cell biology of interferon-gamma and 

its receptor. Annual review of immunology 11, 571-611. 

Feldmann, J., and Schwartz, O. (2010). HIV-1 Virological Synapse: Live Imaging of 

Transmission. Viruses 2, 1666-1680. 



139 
 

Feng, Z., Dubyak, G.R., Lederman, M.M., and Weinberg, A. (2006). Cutting edge: human 

beta defensin 3--a novel antagonist of the HIV-1 coreceptor CXCR4. J Immunol 177, 782-

786. 

Fichorova, R.N., Tucker, L.D., and Anderson, D.J. (2001). The molecular basis of nonoxynol-

9-induced vaginal inflammation and its possible relevance to human immunodeficiency virus 

type 1 transmission. J Infect Dis 184, 418-428. 

Fink, A.J. (1986). A possible explanation for heterosexual male infection with AIDS. N Engl J 

Med 315, 1167. 

Fiore, J.R., Laddago, V., Lepera, A., La Grasta, L., Di Stefano, M., Saracino, A., Lopalco, P., 

Pastore, G., and Angarano, G. (2000). Limited secretory-IgA response in cervicovaginal 

secretions from HIV-1 infected, but not high risk seronegative women: lack of correlation to 

genital viral shedding. New Microbiol 23, 85-92. 

Fleming, D.T., and Wasserheit, J.N. (1999). From epidemiological synergy to public health 

policy and practice: the contribution of other sexually transmitted diseases to sexual 

transmission of HIV infection. Sex Transm Infect 75, 3-17. 

Fox, C.A., Meldrum, S.J., and Watson, B.W. (1973). Continuous measurement by radio-

telemetry of vaginal pH during human coitus. Journal of reproduction and fertility 33, 69-75. 

Fredricks, D.N., Fiedler, T.L., and Marrazzo, J.M. (2005). Molecular identification of bacteria 

associated with bacterial vaginosis. N Engl J Med 353, 1899-1911. 

Fu, Y.S.R., J. W. (1989). Pathology of the Uterine Cervix, Vagina, and Vulva (Philadelphia, 

PA: Saunders). 

Fuchs, J.D., Sobieszczyk, M.E., Hammer, S.M., and Buchbinder, S.P. (2010). Lessons 

drawn from recent HIV vaccine efficacy trials. J Acquir Immune Defic Syndr 55 Suppl 2, 

S128-131. 

Furuta, Y., Eriksson, K., Svennerholm, B., Fredman, P., Horal, P., Jeansson, S., Vahlne, A., 

Holmgren, J., and Czerkinsky, C. (1994). Infection of vaginal and colonic epithelial cells by 

the human immunodeficiency virus type 1 is neutralized by antibodies raised against 

conserved epitopes in the envelope glycoprotein gp120. Proc Natl Acad Sci U S A 91, 

12559-12563. 



140 
 

Fussell, E.N., Kaack, M.B., Cherry, R., and Roberts, J.A. (1988). Adherence of bacteria to 

human foreskins. J Urol 140, 997-1001. 

Galvin, S.R., and Cohen, M.S. (2004). The role of sexually transmitted diseases in HIV 

transmission. Nature reviews Microbiology 2, 33-42. 

Ganor, Y., and Bomsel, M. (2011). HIV-1 transmission in the male genital tract. Am J Reprod 

Immunol 65, 284-291. 

Ganor, Y., Zhou, Z., Bodo, J., Tudor, D., Leibowitch, J., Mathez, D., Schmitt, A., Vacher-

Lavenu, M.C., Revol, M., and Bomsel, M. (2012). The adult penile urethra is a novel entry 

site for HIV-1 that preferentially targets resident urethral macrophages. Mucosal immunology. 

Ganor, Y., Zhou, Z., Tudor, D., Schmitt, A., Vacher-Lavenu, M.C., Gibault, L., Thiounn, N., 

Tomasini, J., Wolf, J.P., and Bomsel, M. (2010). Within 1 h, HIV-1 uses viral synapses to 

enter efficiently the inner, but not outer, foreskin mucosa and engages Langerhans-T cell 

conjugates. Mucosal immunology 3, 506-522. 

Garcia, E., Pion, M., Pelchen-Matthews, A., Collinson, L., Arrighi, J.F., Blot, G., Leuba, F., 

Escola, J.M., Demaurex, N., Marsh, M., et al. (2005). HIV-1 trafficking to the dendritic cell-T-

cell infectious synapse uses a pathway of tetraspanin sorting to the immunological synapse. 

Traffic 6, 488-501. 

Genesca, M., Li, J., Fritts, L., Chohan, P., Bost, K., Rourke, T., Blozis, S.A., McChesney, 

M.B., and Miller, C.J. (2007). Depo-Provera abrogates attenuated lentivirus-induced 

protection in male rhesus macaques challenged intravenously with pathogenic SIVmac239. J 

Med Primatol 36, 266-275. 

Georges-Courbot, M.C., Merlin, M., Josse, R., Martin, P.M., and Georges, A.J. (1989). 

Seroprevalence of HIV-I is much higher in young women than men in Central Africa. 

Genitourin Med 65, 131-132. 

Ghosn, J., Viard, J.P., Katlama, C., de Almeida, M., Tubiana, R., Letourneur, F., Aaron, L., 

Goujard, C., Salmon, D., Leruez-Ville, M., et al. (2004). Evidence of genotypic resistance 

diversity of archived and circulating viral strains in blood and semen of pre-treated HIV-

infected men. AIDS 18, 447-457. 

Gianella, S., Strain, M.C., Rought, S.E., Vargas, M.V., Little, S.J., Richman, D.D., Spina, 

C.A., and Smith, D.M. (2012). Associations between virologic and immunologic dynamics in 

blood and in the male genital tract. J Virol 86, 1307-1315. 



141 
 

Gil, T., Castilla, J.A., Hortas, M.L., Redondo, M., Samaniego, F., Garrido, F., Vergara, F., 

and Herruzo, A.J. (1998). Increase of large granular lymphocytes in human ejaculate 

containing antisperm antibodies. Hum Reprod 13, 296-301. 

Gipson, I.K., Ho, S.B., Spurr-Michaud, S.J., Tisdale, A.S., Zhan, Q., Torlakovic, E., Pudney, 

J., Anderson, D.J., Toribara, N.W., and Hill, J.A., 3rd (1997). Mucin genes expressed by 

human female reproductive tract epithelia. Biol Reprod 56, 999-1011. 

Girard, M., Mahoney, J., Wei, Q., van der Ryst, E., Muchmore, E., Barre-Sinoussi, F., and 

Fultz, P.N. (1998). Genital infection of female chimpanzees with human immunodeficiency 

virus type 1. AIDS Res Hum Retroviruses 14, 1357-1367. 

Godaly, G., Proudfoot, A.E., Offord, R.E., Svanborg, C., and Agace, W.W. (1997). Role of 

epithelial interleukin-8 (IL-8) and neutrophil IL-8 receptor A in Escherichia coli-induced 

transuroepithelial neutrophil migration. Infection and immunity 65, 3451-3456. 

Gray, R.H., Kigozi, G., Serwadda, D., Makumbi, F., Watya, S., Nalugoda, F., Kiwanuka, N., 

Moulton, L.H., Chaudhary, M.A., Chen, M.Z., et al. (2007). Male circumcision for HIV 

prevention in men in Rakai, Uganda: a randomised trial. Lancet 369, 657-666. 

Greenhead, P., Hayes, P., Watts, P.S., Laing, K.G., Griffin, G.E., and Shattock, R.J. (2000). 

Parameters of human immunodeficiency virus infection of human cervical tissue and 

inhibition by vaginal virucides. J Virol 74, 5577-5586. 

Grivel, J.C., Shattock, R.J., and Margolis, L.B. (2011). Selective transmission of R5 HIV-1 

variants: where is the gatekeeper? Journal of translational medicine 9 Suppl 1, S6. 

Groot, F., Welsch, S., and Sattentau, Q.J. (2008). Efficient HIV-1 transmission from 

macrophages to T cells across transient virological synapses. Blood 111, 4660-4663. 

Guerrieri, D., Tateosian, N.L., Maffia, P.C., Reiteri, R.M., Amiano, N.O., Costa, M.J., 

Villalonga, X., Sanchez, M.L., Estein, S.M., Garcia, V.E., et al. (2011). Serine leucocyte 

proteinase inhibitor-treated monocyte inhibits human CD4(+) lymphocyte proliferation. 

Immunology 133, 434-441. 

Guilbert, B., Dighiero, G., and Avrameas, S. (1982). Naturally occurring antibodies against 

nine common antigens in human sera. I. Detection, isolation and characterization. J Immunol 
128, 2779-2787. 



142 
 

Gupta, P., Leroux, C., Patterson, B.K., Kingsley, L., Rinaldo, C., Ding, M., Chen, Y., Kulka, 

K., Buchanan, W., McKeon, B., et al. (2000). Human immunodeficiency virus type 1 shedding 

pattern in semen correlates with the compartmentalization of viral Quasi species between 

blood and semen. J Infect Dis 182, 79-87. 

Gupta, P., Mellors, J., Kingsley, L., Riddler, S., Singh, M.K., Schreiber, S., Cronin, M., and 

Rinaldo, C.R. (1997). High viral load in semen of human immunodeficiency virus type 1-

infected men at all stages of disease and its reduction by therapy with protease and 

nonnucleoside reverse transcriptase inhibitors. J Virol 71, 6271-6275. 

Guttman, J.A., and Finlay, B.B. (2009). Tight junctions as targets of infectious agents. 

Biochimica et biophysica acta 1788, 832-841. 

Haase, A.T. (2005). Perils at mucosal front lines for HIV and SIV and their hosts. Nature 

reviews Immunology 5, 783-792. 

Haase, A.T. (2010). Targeting early infection to prevent HIV-1 mucosal transmission. Nature 
464, 217-223. 

Haase, A.T. (2011). Early events in sexual transmission of HIV and SIV and opportunities for 

interventions. Annual review of medicine 62, 127-139. 

Haigwood, N.L. (2004). Predictive value of primate models for AIDS. AIDS reviews 6, 187-

198. 

Hamed, K.A., Winters, M.A., Holodniy, M., Katzenstein, D.A., and Merigan, T.C. (1993). 

Detection of human immunodeficiency virus type 1 in semen: effects of disease stage and 

nucleoside therapy. J Infect Dis 167, 798-802. 

Harizi, H., and Gualde, N. (2005). The impact of eicosanoids on the crosstalk between innate 

and adaptive immunity: the key roles of dendritic cells. Tissue antigens 65, 507-514. 

Harouse, J.M., Bhat, S., Spitalnik, S.L., Laughlin, M., Stefano, K., Silberberg, D.H., and 

Gonzalez-Scarano, F. (1991). Inhibition of entry of HIV-1 in neural cell lines by antibodies 

against galactosyl ceramide. Science 253, 320-323. 

Harouse, J.M., Buckner, C., Gettie, A., Fuller, R., Bohm, R., Blanchard, J., and Cheng-

Mayer, C. (2003). CD8+ T cell-mediated CXC chemokine receptor 4-simian/human 

immunodeficiency virus suppression in dually infected rhesus macaques. Proc Natl Acad Sci 

U S A 100, 10977-10982. 



143 
 

Hatziioannou, T., and Evans, D.T. (2012). Animal models for HIV/AIDS research. Nature 

reviews Microbiology 10, 852-867. 

Hearnden, V., Sankar, V., Hull, K., Juras, D.V., Greenberg, M., Kerr, A.R., Lockhart, P.B., 

Patton, L.L., Porter, S., and Thornhill, M.H. (2012). New developments and opportunities in 

oral mucosal drug delivery for local and systemic disease. Advanced drug delivery reviews 
64, 16-28. 

Heffron, R., Donnell, D., Rees, H., Celum, C., Mugo, N., Were, E., de Bruyn, G., Nakku-

Joloba, E., Ngure, K., Kiarie, J., et al. (2012). Use of hormonal contraceptives and risk of 

HIV-1 transmission: a prospective cohort study. The Lancet infectious diseases 12, 19-26. 

Heise, C., Dandekar, S., Kumar, P., Duplantier, R., Donovan, R.M., and Halsted, C.H. 

(1991). Human immunodeficiency virus infection of enterocytes and mononuclear cells in 

human jejunal mucosa. Gastroenterology 100, 1521-1527. 

Heise, C., Vogel, P., Miller, C.J., Halsted, C.H., and Dandekar, S. (1993). Simian 

immunodeficiency virus infection of the gastrointestinal tract of rhesus macaques. Functional, 

pathological, and morphological changes. The American journal of pathology 142, 1759-

1771. 

Hel, Z., Stringer, E., and Mestecky, J. (2010). Sex steroid hormones, hormonal 

contraception, and the immunobiology of human immunodeficiency virus-1 infection. 

Endocrine reviews 31, 79-97. 

Herold, S., von Wulffen, W., Steinmueller, M., Pleschka, S., Kuziel, W.A., Mack, M., 

Srivastava, M., Seeger, W., Maus, U.A., and Lohmeyer, J. (2006). Alveolar epithelial cells 

direct monocyte transepithelial migration upon influenza virus infection: impact of 

chemokines and adhesion molecules. J Immunol 177, 1817-1824. 

Hickey, D.K., Patel, M.V., Fahey, J.V., and Wira, C.R. (2011). Innate and adaptive immunity 

at mucosal surfaces of the female reproductive tract: stratification and integration of immune 

protection against the transmission of sexually transmitted infections. J Reprod Immunol 88, 

185-194. 

Hild-Petito, S., Veazey, R.S., Larner, J.M., Reel, J.R., and Blye, R.P. (1998). Effects of two 

progestin-only contraceptives, Depo-Provera and Norplant-II, on the vaginal epithelium of 

rhesus monkeys. AIDS Res Hum Retroviruses 14 Suppl 1, S125-130. 



144 
 

Hill, J.A., and Anderson, D.J. (1992). Human vaginal leukocytes and the effects of vaginal 

fluid on lymphocyte and macrophage defense functions. Am J Obstet Gynecol 166, 720-726. 

Hillier, S.L., Krohn, M.A., Rabe, L.K., Klebanoff, S.J., and Eschenbach, D.A. (1993). The 

normal vaginal flora, H2O2-producing lactobacilli, and bacterial vaginosis in pregnant 

women. Clin Infect Dis 16 Suppl 4, S273-281. 

Hioe, C.E., Chien, P.C., Jr., Lu, C., Springer, T.A., Wang, X.H., Bandres, J., and Tuen, M. 

(2001). LFA-1 expression on target cells promotes human immunodeficiency virus type 1 

infection and transmission. J Virol 75, 1077-1082. 

Hirbod, T., Bailey, R.C., Agot, K., Moses, S., Ndinya-Achola, J., Murugu, R., Andersson, J., 

Nilsson, J., and Broliden, K. (2010). Abundant expression of HIV target cells and C-type 

lectin receptors in the foreskin tissue of young Kenyan men. The American journal of 

pathology 176, 2798-2805. 

Hirbod, T., and Broliden, K. (2007). Mucosal immune responses in the genital tract of HIV-1-

exposed uninfected women. Journal of internal medicine 262, 44-58. 

Hirbod, T., Kaldensjo, T., and Broliden, K. (2011). In situ distribution of HIV-binding CCR5 

and C-type lectin receptors in the human endocervical mucosa. PLoS One 6, e25551. 

Hirbod, T., Kaldensjo, T., Lopalco, L., Klareskog, E., Andersson, S., Uberti-Foppa, C., 

Ferrari, D., Manghi, M., Andersson, J., Lore, K., et al. (2009). Abundant and superficial 

expression of C-type lectin receptors in ectocervix of women at risk of HIV infection. J Acquir 

Immune Defic Syndr 51, 239-247. 

Hirbod, T., Kaul, R., Reichard, C., Kimani, J., Ngugi, E., Bwayo, J.J., Nagelkerke, N., 

Hasselrot, K., Li, B., Moses, S., et al. (2008). HIV-neutralizing immunoglobulin A and HIV-

specific proliferation are independently associated with reduced HIV acquisition in Kenyan 

sex workers. AIDS 22, 727-735. 

Hladik, F., Lentz, G., Delpit, E., McElroy, A., and McElrath, M.J. (1999). Coexpression of 

CCR5 and IL-2 in human genital but not blood T cells: implications for the ontogeny of the 

CCR5+ Th1 phenotype. J Immunol 163, 2306-2313. 

Hladik, F., and McElrath, M.J. (2008). Setting the stage: host invasion by HIV. Nature 

reviews Immunology 8, 447-457. 



145 
 

Hladik, F., Sakchalathorn, P., Ballweber, L., Lentz, G., Fialkow, M., Eschenbach, D., and 

McElrath, M.J. (2007). Initial events in establishing vaginal entry and infection by human 

immunodeficiency virus type-1. Immunity 26, 257-270. 

Hollingsworth, T.D., Anderson, R.M., and Fraser, C. (2008). HIV-1 transmission, by stage of 

infection. J Infect Dis 198, 687-693. 

Hooper, L.V., and Gordon, J.I. (2001). Commensal host-bacterial relationships in the gut. 

Science 292, 1115-1118. 

Hu, J., Gardner, M.B., and Miller, C.J. (2000). Simian immunodeficiency virus rapidly 

penetrates the cervicovaginal mucosa after intravaginal inoculation and infects intraepithelial 

dendritic cells. J Virol 74, 6087-6095. 

Hu, J., Pope, M., Brown, C., O'Doherty, U., and Miller, C.J. (1998). Immunophenotypic 

characterization of simian immunodeficiency virus-infected dendritic cells in cervix, vagina, 

and draining lymph nodes of rhesus monkeys. Laboratory investigation; a journal of technical 

methods and pathology 78, 435-451. 

Hubner, W., McNerney, G.P., Chen, P., Dale, B.M., Gordon, R.E., Chuang, F.Y., Li, X.D., 

Asmuth, D.M., Huser, T., and Chen, B.K. (2009). Quantitative 3D video microscopy of HIV 

transfer across T cell virological synapses. Science 323, 1743-1747. 

Huijbregts, R.P., Helton, E.S., Michel, K.G., Sabbaj, S., Richter, H.E., Goepfert, P.A., and 

Hel, Z. (2013). Hormonal contraception and HIV-1 infection: medroxyprogesterone acetate 

suppresses innate and adaptive immune mechanisms. Endocrinology 154, 1282-1295. 

Hunter, D.J., Maggwa, B.N., Mati, J.K., Tukei, P.M., and Mbugua, S. (1994). Sexual 

behavior, sexually transmitted diseases, male circumcision and risk of HIV infection among 

women in Nairobi, Kenya. AIDS 8, 93-99. 

Iacobelli, S., Garcea, N., and Angeloni, C. (1971). Biochemistry of cervical mucus: a 

comparative analysis of the secretion from preovulatory, postovulatory, and pregnancy 

periods. Fertil Steril 22, 727-734. 

Ibata, B., Parr, E.L., King, N.J., and Parr, M.B. (1997). Migration of foreign lymphocytes from 

the mouse vagina into the cervicovaginal mucosa and to the iliac lymph nodes. Biol Reprod 
56, 537-543. 



146 
 

Igarashi, T., Brown, C.R., Endo, Y., Buckler-White, A., Plishka, R., Bischofberger, N., Hirsch, 

V., and Martin, M.A. (2001). Macrophage are the principal reservoir and sustain high virus 

loads in rhesus macaques after the depletion of CD4+ T cells by a highly pathogenic simian 

immunodeficiency virus/HIV type 1 chimera (SHIV): Implications for HIV-1 infections of 

humans. Proc Natl Acad Sci U S A 98, 658-663. 

Ilaria, G., Jacobs, J.L., Polsky, B., Koll, B., Baron, P., MacLow, C., Armstrong, D., and 

Schlegel, P.N. (1992). Detection of HIV-1 DNA sequences in pre-ejaculatory fluid. Lancet 
340, 1469. 

Ildgruben, A.K., Sjoberg, I.M., and Hammarstrom, M.L. (2003). Influence of hormonal 

contraceptives on the immune cells and thickness of human vaginal epithelium. Obstetrics 

and gynecology 102, 571-582. 

Isojima, S. (1989). Sperm and seminal plasma antigens relevant to contraceptive vaccine 

development. Current opinion in immunology 2, 752-756. 

Israel, E.J., Taylor, S., Wu, Z., Mizoguchi, E., Blumberg, R.S., Bhan, A., and Simister, N.E. 

(1997). Expression of the neonatal Fc receptor, FcRn, on human intestinal epithelial cells. 

Immunology 92, 69-74. 

Iversen, A.K., Larsen, A.R., Jensen, T., Fugger, L., Balslev, U., Wahl, S., Gerstoft, J., 

Mullins, J.I., and Skinhoj, P. (1998). Distinct determinants of human immunodeficiency virus 

type 1 RNA and DNA loads in vaginal and cervical secretions. J Infect Dis 177, 1214-1220. 

Iwasaki, A. (2010). Antiviral immune responses in the genital tract: clues for vaccines. Nature 

reviews Immunology 10, 699-711. 

Jackson, S., Moldoveanu, Z., Mestecky, J., Pitts, A.M., Eldridge, J.H., McGhee, J.R., Miller, 

C.J., and Marx, P.A. (1995). Decreased IgA-producing cells in the gut of SIV-infected rhesus 

monkeys. Advances in experimental medicine and biology 371B, 1035-1038. 

Jain, A.K. (2012). Hormonal contraception and HIV acquisition risk: implications for individual 

users and public policies. Contraception 86, 645-652. 

James, K., Harvey, J., Bradbury, A.W., Hargreave, T.B., and Cullen, R.T. (1983). The effect 

of seminal plasma on macrophage function--a possible contributory factor in sexually 

transmitted disease. AIDS research 1, 45-57. 



147 
 

Jensen, T.S., Bjorge, L., Wollen, A.L., and Ulstein, M. (1995). Identification of the 

complement regulatory proteins CD46, CD55, and CD59 in human fallopian tube, 

endometrium, and cervical mucosa and secretion. Am J Reprod Immunol 34, 1-9. 

Joag, S.V., Adany, I., Li, Z., Foresman, L., Pinson, D.M., Wang, C., Stephens, E.B., 

Raghavan, R., and Narayan, O. (1997). Animal model of mucosally transmitted human 

immunodeficiency virus type 1 disease: intravaginal and oral deposition of simian/human 

immunodeficiency virus in macaques results in systemic infection, elimination of CD4+ T 

cells, and AIDS. J Virol 71, 4016-4023. 

Jolly, C., Mitar, I., and Sattentau, Q.J. (2007). Adhesion molecule interactions facilitate 

human immunodeficiency virus type 1-induced virological synapse formation between T 

cells. J Virol 81, 13916-13921. 

Joos, B., Fischer, M., Kuster, H., Pillai, S.K., Wong, J.K., Boni, J., Hirschel, B., Weber, R., 

Trkola, A., and Gunthard, H.F. (2008). HIV rebounds from latently infected cells, rather than 

from continuing low-level replication. Proc Natl Acad Sci U S A 105, 16725-16730. 

Kalichman, S.C., Di Berto, G., and Eaton, L. (2008). Human immunodeficiency virus viral 

load in blood plasma and semen: review and implications of empirical findings. Sex Transm 

Dis 35, 55-60. 

Karlsson, I., Malleret, B., Brochard, P., Delache, B., Calvo, J., Le Grand, R., and Vaslin, B. 

(2007). Dynamics of T-cell responses and memory T cells during primary simian 

immunodeficiency virus infection in cynomolgus macaques. J Virol 81, 13456-13468. 

Kassler, W.J., Zenilman, J.M., Erickson, B., Fox, R., Peterman, T.A., and Hook, E.W., 3rd 

(1994). Seroconversion in patients attending sexually transmitted disease clinics. AIDS 8, 

351-355. 

Kaul, R., Plummer, F., Clerici, M., Bomsel, M., Lopalco, L., and Broliden, K. (2001). Mucosal 

IgA in exposed, uninfected subjects: evidence for a role in protection against HIV infection. 

AIDS 15, 431-432. 

Kawamura, T., Gulden, F.O., Sugaya, M., McNamara, D.T., Borris, D.L., Lederman, M.M., 

Orenstein, J.M., Zimmerman, P.A., and Blauvelt, A. (2003). R5 HIV productively infects 

Langerhans cells, and infection levels are regulated by compound CCR5 polymorphisms. 

Proc Natl Acad Sci U S A 100, 8401-8406. 



148 
 

Keele, B.F., and Estes, J.D. (2011). Barriers to mucosal transmission of immunodeficiency 

viruses. Blood 118, 839-846. 

Keele, B.F., Giorgi, E.E., Salazar-Gonzalez, J.F., Decker, J.M., Pham, K.T., Salazar, M.G., 

Sun, C., Grayson, T., Wang, S., Li, H., et al. (2008). Identification and characterization of 

transmitted and early founder virus envelopes in primary HIV-1 infection. Proc Natl Acad Sci 

U S A 105, 7552-7557. 

Kell, P.D., Barton, S.E., Edmonds, D.K., and Boag, F.C. (1992). HIV infection in a patient 

with Meyer-Rokitansky-Kuster-Hauser syndrome. Journal of the Royal Society of Medicine 
85, 706-707. 

Keller, M.J., Guzman, E., Hazrati, E., Kasowitz, A., Cheshenko, N., Wallenstein, S., Cole, 

A.L., Cole, A.M., Profy, A.T., Wira, C.R., et al. (2007). PRO 2000 elicits a decline in genital 

tract immune mediators without compromising intrinsic antimicrobial activity. AIDS 21, 467-

476. 

Kelly, R.W. (1995). Immunosuppressive mechanisms in semen: implications for 

contraception. Hum Reprod 10, 1686-1693. 

Kelly, R.W. (1997). Prostaglandins in primate semen: biasing the immune system to benefit 

spermatozoa and virus? Prostaglandins Leukot Essent Fatty Acids 57, 113-118. 

Khanna, K.V., Whaley, K.J., Zeitlin, L., Moench, T.R., Mehrazar, K., Cone, R.A., Liao, Z., 

Hildreth, J.E., Hoen, T.E., Shultz, L., et al. (2002). Vaginal transmission of cell-associated 

HIV-1 in the mouse is blocked by a topical, membrane-modifying agent. The Journal of 

clinical investigation 109, 205-211. 

Kim, J.H., Rerks-Ngarm, S., Excler, J.L., and Michael, N.L. (2010a). HIV vaccines: lessons 

learned and the way forward. Current opinion in HIV and AIDS 5, 428-434. 

Kim, K.A., Yolamanova, M., Zirafi, O., Roan, N.R., Staendker, L., Forssmann, W.G., 

Burgener, A., Dejucq-Rainsford, N., Hahn, B.H., Shaw, G.M., et al. (2010b). Semen-

mediated enhancement of HIV infection is donor-dependent and correlates with the levels of 

SEVI. Retrovirology 7, 55. 

King, B.F. (1983a). The permeability of nonhuman primate vaginal epithelium: a freeze-

fracture and tracer-perfusion study. Journal of ultrastructure research 83, 99-110. 



149 
 

King, B.F. (1983b). Ultrastructure of the nonhuman primate vaginal mucosa: epithelial 

changes during the menstrual cycle and pregnancy. Journal of ultrastructure research 82, 1-

18. 

Kiviat, N.B., Critchlow, C.W., Hawes, S.E., Kuypers, J., Surawicz, C., Goldbaum, G., van 

Burik, J.A., Lampinen, T., and Holmes, K.K. (1998). Determinants of human 

immunodeficiency virus DNA and RNA shedding in the anal-rectal canal of homosexual men. 

J Infect Dis 177, 571-578. 

Klebanoff, S.J., and Coombs, R.W. (1991). Viricidal effect of Lactobacillus acidophilus on 

human immunodeficiency virus type 1: possible role in heterosexual transmission. J Exp Med 
174, 289-292. 

Klebanoff, S.J., and Kazazi, F. (1995). Inactivation of human immunodeficiency virus type 1 

by the amine oxidase-peroxidase system. J Clin Microbiol 33, 2054-2057. 

Kotler, D.P., Reka, S., Borcich, A., and Cronin, W.J. (1991). Detection, localization, and 

quantitation of HIV-associated antigens in intestinal biopsies from patients with HIV. The 

American journal of pathology 139, 823-830. 

Kovacs, A., Chan, L.S., Chen, Z.C., Meyer, W.A., 3rd, Muderspach, L., Young, M., Anastos, 

K., and Levine, A.M. (1999). HIV-1 RNA in plasma and genital tract secretions in women 

infected with HIV-1. J Acquir Immune Defic Syndr 22, 124-131. 

Kovacs, A., Wasserman, S.S., Burns, D., Wright, D.J., Cohn, J., Landay, A., Weber, K., 

Cohen, M., Levine, A., Minkoff, H., et al. (2001). Determinants of HIV-1 shedding in the 

genital tract of women. Lancet 358, 1593-1601. 

Kozlowski, P.A., Williams, S.B., Lynch, R.M., Flanigan, T.P., Patterson, R.R., Cu-Uvin, S., 

and Neutra, M.R. (2002). Differential induction of mucosal and systemic antibody responses 

in women after nasal, rectal, or vaginal immunization: influence of the menstrual cycle. J 

Immunol 169, 566-574. 

Kreiss, J., Willerford, D.M., Hensel, M., Emonyi, W., Plummer, F., Ndinya-Achola, J., 

Roberts, P.L., Hoskyn, J., Hillier, S., and Kiviat, N. (1994). Association between cervical 

inflammation and cervical shedding of human immunodeficiency virus DNA. J Infect Dis 170, 

1597-1601. 



150 
 

Krieger, J.N., Coombs, R.W., Collier, A.C., Koehler, J.K., Ross, S.O., Chaloupka, K., Murphy, 

V.L., and Corey, L. (1991a). Fertility parameters in men infected with human 

immunodeficiency virus. J Infect Dis 164, 464-469. 

Krieger, J.N., Coombs, R.W., Collier, A.C., Ross, S.O., Chaloupka, K., Cummings, D.K., 

Murphy, V.L., and Corey, L. (1991b). Recovery of human immunodeficiency virus type 1 from 

semen: minimal impact of stage of infection and current antiviral chemotherapy. J Infect Dis 
163, 386-388. 

Krieger, J.N., Coombs, R.W., Collier, A.C., Ross, S.O., Speck, C., and Corey, L. (1995). 

Seminal shedding of human immunodeficiency virus type 1 and human cytomegalovirus: 

evidence for different immunologic controls. J Infect Dis 171, 1018-1022. 

Krieger, J.N., Nirapathpongporn, A., Chaiyaporn, M., Peterson, G., Nikolaeva, I., Akridge, R., 

Ross, S.O., and Coombs, R.W. (1998). Vasectomy and human immunodeficiency virus type 

1 in semen. J Urol 159, 820-825; discussion 825-826. 

Kroodsma, K.L., Kozal, M.J., Hamed, K.A., Winters, M.A., and Merigan, T.C. (1994). 

Detection of drug resistance mutations in the human immunodeficiency virus type 1 (HIV-1) 

pol gene: differences in semen and blood HIV-1 RNA and proviral DNA. J Infect Dis 170, 

1292-1295. 

Kuhn, L., Trabattoni, D., Kankasa, C., Sinkala, M., Lissoni, F., Ghosh, M., Aldrovandi, G., 

Thea, D., and Clerici, M. (2006). Hiv-specific secretory IgA in breast milk of HIV-positive 

mothers is not associated with protection against HIV transmission among breast-fed infants. 

The Journal of pediatrics 149, 611-616. 

Kuo, T.T., Baker, K., Yoshida, M., Qiao, S.W., Aveson, V.G., Lencer, W.I., and Blumberg, 

R.S. (2010). Neonatal Fc receptor: from immunity to therapeutics. Journal of clinical 

immunology 30, 777-789. 

Kutteh, W.H., Blackwell, R.E., Gore, H., Kutteh, C.C., Carr, B.R., and Mestecky, J. (1990). 

Secretory immune system of the female reproductive tract. II. Local immune system in 

normal and infected fallopian tube. Fertil Steril 54, 51-55. 

Kwong, P.D., Mascola, J.R., and Nabel, G.J. (2012). The changing face of HIV vaccine 

research. Journal of the International AIDS Society 15, 17407. 



151 
 

Kwong, P.D., Wyatt, R., Sattentau, Q.J., Sodroski, J., and Hendrickson, W.A. (2000). 

Oligomeric modeling and electrostatic analysis of the gp120 envelope glycoprotein of human 

immunodeficiency virus. J Virol 74, 1961-1972. 

Laga, M., Manoka, A., Kivuvu, M., Malele, B., Tuliza, M., Nzila, N., Goeman, J., Behets, F., 

Batter, V., Alary, M., et al. (1993). Non-ulcerative sexually transmitted diseases as risk 

factors for HIV-1 transmission in women: results from a cohort study. AIDS 7, 95-102. 

Lai, S.K., Hida, K., Shukair, S., Wang, Y.Y., Figueiredo, A., Cone, R., Hope, T.J., and Hanes, 

J. (2009). Human immunodeficiency virus type 1 is trapped by acidic but not by neutralized 

human cervicovaginal mucus. J Virol 83, 11196-11200. 

Lama, J., and Planelles, V. (2007). Host factors influencing susceptibility to HIV infection and 

AIDS progression. Retrovirology 4, 52. 

Lambotte, O., Demoustier, A., de Goer, M.G., Wallon, C., Gasnault, J., Goujard, C., 

Delfraissy, J.F., and Taoufik, Y. (2002). Persistence of replication-competent HIV in both 

memory and naive CD4 T cell subsets in patients on prolonged and effective HAART. AIDS 
16, 2151-2157. 

Le Grand, R., Nadal, M., Cheret, A., Roques, P., Vaslin, B., Matheux, F., Theodoro, F., Gras, 

G., Gauthier, L., Aubertin, A.M., et al. (1995). Infection of macaques after vaginal exposure to 

a primary isolate of SIVmac251. AIDS 9, 308-309. 

Le Grand, R.D., D. (1993). Infection of macaques after atraumatic rectal exposure to 

SIVmac251. In Huitième Colloque des Cent Gardes, pp. 157-160. 

Le Tortorec, A., and Dejucq-Rainsford, N. (2010). HIV infection of the male genital tract--

consequences for sexual transmission and reproduction. Int J Androl 33, e98-108. 

Le Tortorec, A., Le Grand, R., Denis, H., Satie, A.P., Mannioui, K., Roques, P., Maillard, A., 

Daniels, S., Jegou, B., and Dejucq-Rainsford, N. (2008). Infection of semen-producing 

organs by SIV during the acute and chronic stages of the disease. PLoS One 3, e1792. 

Lederman, M.M., Penn-Nicholson, A., Cho, M., and Mosier, D. (2006). Biology of CCR5 and 

its role in HIV infection and treatment. JAMA 296, 815-826. 

Lee, B., Leslie, G., Soilleux, E., O'Doherty, U., Baik, S., Levroney, E., Flummerfelt, K., 

Swiggard, W., Coleman, N., Malim, M., et al. (2001). cis Expression of DC-SIGN allows for 



152 
 

more efficient entry of human and simian immunodeficiency viruses via CD4 and a 

coreceptor. J Virol 75, 12028-12038. 

Lehner, T., Hussain, L., Wilson, J., and Chapman, M. (1991). Mucosal transmission of HIV. 

Nature 353, 709. 

Lehner, T., Mitchell, E., Bergmeier, L., Singh, M., Spallek, R., Cranage, M., Hall, G., Dennis, 

M., Villinger, F., and Wang, Y. (2000). The role of gammadelta T cells in generating antiviral 

factors and beta-chemokines in protection against mucosal simian immunodeficiency virus 

infection. European journal of immunology 30, 2245-2256. 

Lehner, T., Wang, Y., Cranage, M., Bergmeier, L.A., Mitchell, E., Tao, L., Hall, G., Dennis, 

M., Cook, N., Brookes, R., et al. (1996). Protective mucosal immunity elicited by targeted iliac 

lymph node immunization with a subunit SIV envelope and core vaccine in macaques. Nat 

Med 2, 767-775. 

Leruez-Ville, M., Dulioust, E., Costabliola, D., Salmon, D., Tachet, A., Finkielsztejn, L., De 

Almeida, M., Silbermann, B., Sicard, D., Jouannet, P., et al. (2002). Decrease in HIV-1 

seminal shedding in men receiving highly active antiretroviral therapy: an 18 month 

longitudinal study (ANRS EP012). AIDS 16, 486-488. 

Levinson, P., Kaul, R., Kimani, J., Ngugi, E., Moses, S., MacDonald, K.S., Broliden, K., and 

Hirbod, T. (2009). Levels of innate immune factors in genital fluids: association of alpha 

defensins and LL-37 with genital infections and increased HIV acquisition. AIDS 23, 309-317. 

Li, H., Bar, K.J., Wang, S., Decker, J.M., Chen, Y., Sun, C., Salazar-Gonzalez, J.F., Salazar, 

M.G., Learn, G.H., Morgan, C.J., et al. (2010). High Multiplicity Infection by HIV-1 in Men 

Who Have Sex with Men. PLoS Pathog 6, e1000890. 

Li, Q., Estes, J.D., Schlievert, P.M., Duan, L., Brosnahan, A.J., Southern, P.J., Reilly, C.S., 

Peterson, M.L., Schultz-Darken, N., Brunner, K.G., et al. (2009). Glycerol monolaurate 

prevents mucosal SIV transmission. Nature 458, 1034-1038. 

Ling, B., Veazey, R.S., Luckay, A., Penedo, C., Xu, K., Lifson, J.D., and Marx, P.A. (2002). 

SIV(mac) pathogenesis in rhesus macaques of Chinese and Indian origin compared with 

primary HIV infections in humans. AIDS 16, 1489-1496. 

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, M.E., 

Stuhlmann, H., Koup, R.A., and Landau, N.R. (1996). Homozygous defect in HIV-1 



153 
 

coreceptor accounts for resistance of some multiply-exposed individuals to HIV-1 infection. 

Cell 86, 367-377. 

Liuzzi, G., Chirianni, A., Bagnarelli, P., Clementi, M., and Piazza, M. (1999). A combination of 

nucleoside analogues and a protease inhibitor reduces HIV-1 RNA levels in semen: 

implications for sexual transmission of HIV infection. Antivir Ther 4, 95-99. 

Liuzzi, G., D'Offizi, G., Topino, S., Zaccarelli, M., Amendola, A., Capobianchi, M.R., Perno, 

C.F., Narciso, P., and Antinori, A. (2003). Dynamics of viral load rebound in plasma and 

semen after stopping effective antiretroviral therapy. AIDS 17, 1089-1092. 

Lorello, G., la Porte, C., Pilon, R., Zhang, G., Karnauchow, T., and MacPherson, P. (2009). 

Discordance in HIV-1 viral loads and antiretroviral drug concentrations comparing semen and 

blood plasma. HIV Med 10, 548-554. 

Louissaint, N.A., Fuchs, E.J., Bakshi, R.P., Nimmagadda, S., Du, Y., Macura, K.J., King, 

K.E., Wahl, R., Goldsmith, A.J., Caffo, B., et al. (2012). Distribution of cell-free and cell-

associated HIV surrogates in the female genital tract after simulated vaginal intercourse. J 

Infect Dis 205, 725-732. 

Lu, X.S., Belec, L., and Pillot, J. (1993). Anti-gp160 IgG and IgA antibodies associated with a 

large increase in total IgG in cervicovaginal secretions from human immunodeficiency virus 

type 1-infected women. J Infect Dis 167, 1189-1192. 

Ma, G., Greenwell-Wild, T., Lei, K., Jin, W., Swisher, J., Hardegen, N., Wild, C.T., and Wahl, 

S.M. (2004). Secretory leukocyte protease inhibitor binds to annexin II, a cofactor for 

macrophage HIV-1 infection. J Exp Med 200, 1337-1346. 

Ma, Z., Lu, F.X., Torten, M., and Miller, C.J. (2001). The number and distribution of immune 

cells in the cervicovaginal mucosa remain constant throughout the menstrual cycle of rhesus 

macaques. Clin Immunol 100, 240-249. 

Magro, C.M., Crowson, A.N., Alfa, M., Nath, A., Ronald, A., Ndinya-Achola, J.O., and Nasio, 

J. (1996). A morphological study of penile chancroid lesions in human immunodeficiency 

virus (HIV)-positive and -negative African men with a hypothesis concerning the role of 

chancroid in HIV transmission. Human pathology 27, 1066-1070. 

Mahalingam, A., Jay, J.I., Langheinrich, K., Shukair, S., McRaven, M.D., Rohan, L.C., 

Herold, B.C., Hope, T.J., and Kiser, P.F. (2011). Inhibition of the transport of HIV in vitro 

using a pH-responsive synthetic mucin-like polymer system. Biomaterials 32, 8343-8355. 



154 
 

Maher, D., Wu, X., Schacker, T., Horbul, J., and Southern, P. (2005). HIV binding, 

penetration, and primary infection in human cervicovaginal tissue. Proc Natl Acad Sci U S A 
102, 11504-11509. 

Majstoravich, S., Zhang, J., Nicholson-Dykstra, S., Linder, S., Friedrich, W., Siminovitch, 

K.A., and Higgs, H.N. (2004). Lymphocyte microvilli are dynamic, actin-dependent structures 

that do not require Wiskott-Aldrich syndrome protein (WASp) for their morphology. Blood 
104, 1396-1403. 

Mannioui, A., Bourry, O., Sellier, P., Delache, B., Brochard, P., Andrieu, T., Vaslin, B., 

Karlsson, I., Roques, P., and Le Grand, R. (2009). Dynamics of viral replication in blood and 

lymphoid tissues during SIVmac251 infection of macaques. Retrovirology 6, 106. 

Marcelin, A.G., Tubiana, R., Lambert-Niclot, S., Lefebvre, G., Dominguez, S., Bonmarchand, 

M., Vauthier-Brouzes, D., Marguet, F., Mousset-Simeon, N., Peytavin, G., et al. (2008). 

Detection of HIV-1 RNA in seminal plasma samples from treated patients with undetectable 

HIV-1 RNA in blood plasma. AIDS 22, 1677-1679. 

Marechal, V., Prevost, M.C., Petit, C., Perret, E., Heard, J.M., and Schwartz, O. (2001). 

Human immunodeficiency virus type 1 entry into macrophages mediated by 

macropinocytosis. J Virol 75, 11166-11177. 

Margolis, L., and Shattock, R. (2006). Selective transmission of CCR5-utilizing HIV-1: the 

'gatekeeper' problem resolved? Nature reviews Microbiology 4, 312-317. 

Marina, S., Marina, F., Alcolea, R., Exposito, R., Huguet, J., Nadal, J., and Verges, A. (1998). 

Human immunodeficiency virus type 1--serodiscordant couples can bear healthy children 

after undergoing intrauterine insemination. Fertil Steril 70, 35-39. 

Marthas, M.L., Lu, D., Penedo, M.C., Hendrickx, A.G., and Miller, C.J. (2001). Titration of an 

SIVmac251 stock by vaginal inoculation of Indian and Chinese origin rhesus macaques: 

transmission efficiency, viral loads, and antibody responses. AIDS Res Hum Retroviruses 17, 

1455-1466. 

Martin, H.L., Richardson, B.A., Nyange, P.M., Lavreys, L., Hillier, S.L., Chohan, B., 

Mandaliya, K., Ndinya-Achola, J.O., Bwayo, J., and Kreiss, J. (1999). Vaginal lactobacilli, 

microbial flora, and risk of human immunodeficiency virus type 1 and sexually transmitted 

disease acquisition. J Infect Dis 180, 1863-1868. 



155 
 

Martin, N., and Sattentau, Q. (2009). Cell-to-cell HIV-1 spread and its implications for 

immune evasion. Current opinion in HIV and AIDS 4, 143-149. 

Martinon, F., Brochard, P., Ripaux, M., Delache, B., Auregan, G., Vaslin, B., and Le Grand, 

R. (2008). Improved protection against simian immunodeficiency virus mucosal challenge in 

macaques primed with a DNA vaccine and boosted with the recombinant modified vaccinia 

virus Ankara and recombinant Semliki Forest virus. Vaccine 26, 532-545. 

Marx, P.A., Spira, A.I., Gettie, A., Dailey, P.J., Veazey, R.S., Lackner, A.A., Mahoney, C.J., 

Miller, C.J., Claypool, L.E., Ho, D.D., et al. (1996). Progesterone implants enhance SIV 

vaginal transmission and early virus load. Nat Med 2, 1084-1089. 

Mastro, T.D., and de Vincenzi, I. (1996). Probabilities of sexual HIV-1 transmission. AIDS 10 
Suppl A, S75-82. 

Mattapallil, J.J., Douek, D.C., Hill, B., Nishimura, Y., Martin, M., and Roederer, M. (2005). 

Massive infection and loss of memory CD4+ T cells in multiple tissues during acute SIV 

infection. Nature 434, 1093-1097. 

Mattila, P.K., and Lappalainen, P. (2008). Filopodia: molecular architecture and cellular 

functions. Nature reviews Molecular cell biology 9, 446-454. 

Mauck, C.K., Callahan, M.M., Baker, J., Arbogast, K., Veazey, R., Stock, R., Pan, Z., 

Morrison, C.S., Chen-Mok, M., Archer, D.F., et al. (1999). The effect of one injection of Depo-

Provera on the human vaginal epithelium and cervical ectopy. Contraception 60, 15-24. 

Maxion, H.K., and Kelly, K.A. (2002). Chemokine expression patterns differ within 

anatomically distinct regions of the genital tract during Chlamydia trachomatis infection. 

Infection and immunity 70, 1538-1546. 

Mayer, K.H., and Anderson, D.J. (1995). Heterosexual HIV transmission. Infectious agents 

and disease 4, 273-284. 

Mayer, K.H., Boswell, S., Goldstein, R., Lo, W., Xu, C., Tucker, L., DePasquale, M.P., 

D'Aquila, R., and Anderson, D.J. (1999). Persistence of human immunodeficiency virus in 

semen after adding indinavir to combination antiretroviral therapy. Clin Infect Dis 28, 1252-

1259. 



156 
 

McClelland, R.S., Wang, C.C., Overbaugh, J., Richardson, B.A., Corey, L., Ashley, R.L., 

Mandaliya, K., Ndinya-Achola, J., Bwayo, J.J., and Kreiss, J.K. (2002). Association between 

cervical shedding of herpes simplex virus and HIV-1. AIDS 16, 2425-2430. 

McCoombe, S.G., and Short, R.V. (2006). Potential HIV-1 target cells in the human penis. 

AIDS 20, 1491-1495. 

McGrath, J.A., and Uitto, J. (2008). The filaggrin story: novel insights into skin-barrier 

function and disease. Trends in molecular medicine 14, 20-27. 

McGregor, J.A., French, J.I., Jones, W., Milligan, K., McKinney, P.J., Patterson, E., and 

Parker, R. (1994). Bacterial vaginosis is associated with prematurity and vaginal fluid 

mucinase and sialidase: results of a controlled trial of topical clindamycin cream. Am J 

Obstet Gynecol 170, 1048-1059; discussion 1059-1060. 

McIlroy, D., Autran, B., Cheynier, R., Wain-Hobson, S., Clauvel, J.P., Oksenhendler, E., 

Debre, P., and Hosmalin, A. (1995). Infection frequency of dendritic cells and CD4+ T 

lymphocytes in spleens of human immunodeficiency virus-positive patients. J Virol 69, 4737-

4745. 

McMichael, A.J., Borrow, P., Tomaras, G.D., Goonetilleke, N., and Haynes, B.F. (2010). The 

immune response during acute HIV-1 infection: clues for vaccine development. Nature 

reviews Immunology 10, 11-23. 

McNeely, T.B., Shugars, D.C., Rosendahl, M., Tucker, C., Eisenberg, S.P., and Wahl, S.M. 

(1997). Inhibition of human immunodeficiency virus type 1 infectivity by secretory leukocyte 

protease inhibitor occurs prior to viral reverse transcription. Blood 90, 1141-1149. 

Mee, E.T., Berry, N., Ham, C., Sauermann, U., Maggiorella, M.T., Martinon, F., Verschoor, 

E.J., Heeney, J.L., Le Grand, R., Titti, F., et al. (2009). Mhc haplotype H6 is associated with 

sustained control of SIVmac251 infection in Mauritian cynomolgus macaques. 

Immunogenetics 61, 327-339. 

Mehandru, S., Poles, M.A., Tenner-Racz, K., Horowitz, A., Hurley, A., Hogan, C., Boden, D., 

Racz, P., and Markowitz, M. (2004). Primary HIV-1 infection is associated with preferential 

depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal tract. J Exp Med 
200, 761-770. 

Meng, G., Sellers, M.T., Mosteller-Barnum, M., Rogers, T.S., Shaw, G.M., and Smith, P.D. 

(2000). Lamina propria lymphocytes, not macrophages, express CCR5 and CXCR4 and are 



157 
 

the likely target cell for human immunodeficiency virus type 1 in the intestinal mucosa. J 

Infect Dis 182, 785-791. 

Meng, G., Wei, X., Wu, X., Sellers, M.T., Decker, J.M., Moldoveanu, Z., Orenstein, J.M., 

Graham, M.F., Kappes, J.C., Mestecky, J., et al. (2002). Primary intestinal epithelial cells 

selectively transfer R5 HIV-1 to CCR5+ cells. Nat Med 8, 150-156. 

Mermin, J.H., Holodniy, M., Katzenstein, D.A., and Merigan, T.C. (1991). Detection of human 

immunodeficiency virus DNA and RNA in semen by the polymerase chain reaction. J Infect 

Dis 164, 769-772. 

Merolla, R., Rebert, N.A., Tsiviste, P.T., Hoffmann, S.P., and Panuska, J.R. (1995). 

Respiratory syncytial virus replication in human lung epithelial cells: inhibition by tumor 

necrosis factor alpha and interferon beta. American journal of respiratory and critical care 

medicine 152, 1358-1366. 

Mestecky, J. (2007). Humoral immune responses to the human immunodeficiency virus type-

1 (HIV-1) in the genital tract compared to other mucosal sites. J Reprod Immunol 73, 86-97. 

Mestecky, J., and Jackson, S. (1994). Reassessment of the impact of mucosal immunity in 

infection with the human immunodeficiency virus (HIV) and design of relevant vaccines. 

Journal of clinical immunology 14, 259-272. 

Mestecky, J., Moldoveanu, Z., Smith, P.D., Hel, Z., and Alexander, R.C. (2009). Mucosal 

immunology of the genital and gastrointestinal tracts and HIV-1 infection. J Reprod Immunol 
83, 196-200. 

Miller, C.J. (1994). Animal models of viral sexually transmitted diseases. Am J Reprod 

Immunol 31, 52-63. 

Miller, C.J. (1998). Localization of Simian immunodeficiency virus-infected cells in the genital 

tract of male and female Rhesus macaques. J Reprod Immunol 41, 331-339. 

Miller, C.J., Alexander, N.J., Sutjipto, S., Lackner, A.A., Gettie, A., Hendrickx, A.G., 

Lowenstine, L.J., Jennings, M., and Marx, P.A. (1989). Genital mucosal transmission of 

simian immunodeficiency virus: animal model for heterosexual transmission of human 

immunodeficiency virus. J Virol 63, 4277-4284. 

Miller, C.J., Alexander, N.J., Vogel, P., Anderson, J., and Marx, P.A. (1992a). Mechanism of 

genital transmission of SIV: a hypothesis based on transmission studies and the location of 



158 
 

SIV in the genital tract of chronically infected female rhesus macaques. J Med Primatol 21, 

64-68. 

Miller, C.J., Li, Q., Abel, K., Kim, E.Y., Ma, Z.M., Wietgrefe, S., La Franco-Scheuch, L., 

Compton, L., Duan, L., Shore, M.D., et al. (2005). Propagation and dissemination of infection 

after vaginal transmission of simian immunodeficiency virus. J Virol 79, 9217-9227. 

Miller, C.J., Marthas, M., Torten, J., Alexander, N.J., Moore, J.P., Doncel, G.F., and 

Hendrickx, A.G. (1994a). Intravaginal inoculation of rhesus macaques with cell-free simian 

immunodeficiency virus results in persistent or transient viremia. J Virol 68, 6391-6400. 

Miller, C.J., McChesney, M., and Moore, P.F. (1992b). Langerhans cells, macrophages and 

lymphocyte subsets in the cervix and vagina of rhesus macaques. Laboratory investigation; a 

journal of technical methods and pathology 67, 628-634. 

Miller, C.J., and Shattock, R.J. (2003). Target cells in vaginal HIV transmission. Microbes 

and infection / Institut Pasteur 5, 59-67. 

Miller, C.J., Vogel, P., Alexander, N.J., Dandekar, S., Hendrickx, A.G., and Marx, P.A. 

(1994b). Pathology and localization of simian immunodeficiency virus in the reproductive 

tract of chronically infected male rhesus macaques. Laboratory investigation; a journal of 

technical methods and pathology 70, 255-262. 

Miller, L., Patton, D.L., Meier, A., Thwin, S.S., Hooton, T.M., and Eschenbach, D.A. (2000). 

Depomedroxyprogesterone-induced hypoestrogenism and changes in vaginal flora and 

epithelium. Obstetrics and gynecology 96, 431-439. 

Milman, G., and Sharma, O. (1994). Mechanisms of HIV/SIV mucosal transmission. AIDS 

Res Hum Retroviruses 10, 1305-1312. 

Miyazawa, M., Lopalco, L., Mazzotta, F., Lo Caputo, S., Veas, F., and Clerici, M. (2009). The 

'immunologic advantage' of HIV-exposed seronegative individuals. AIDS 23, 161-175. 

Moench, T.R., Chipato, T., and Padian, N.S. (2001). Preventing disease by protecting the 

cervix: the unexplored promise of internal vaginal barrier devices. AIDS 15, 1595-1602. 

Moench, T.R., Whaley, K.J., Mandrell, T.D., Bishop, B.D., Witt, C.J., and Cone, R.A. (1993). 

The cat/feline immunodeficiency virus model for transmucosal transmission of AIDS: 

nonoxynol-9 contraceptive jelly blocks transmission by an infected cell inoculum. AIDS 7, 

797-802. 



159 
 

Monteiro, P., Gosselin, A., Wacleche, V.S., El-Far, M., Said, E.A., Kared, H., Grandvaux, N., 

Boulassel, M.R., Routy, J.P., and Ancuta, P. (2011). Memory CCR6+CD4+ T cells are 

preferential targets for productive HIV type 1 infection regardless of their expression of 

integrin beta7. J Immunol 186, 4618-4630. 

Moore, J.P., and Shattock, R.J. (2003). Preventing HIV-1 sexual transmission--not sexy 

enough science, or no benefit to the bottom line? J Antimicrob Chemother 52, 890-892. 

Morrison, C.S., Chen, P.L., Kwok, C., Richardson, B.A., Chipato, T., Mugerwa, R., 

Byamugisha, J., Padian, N., Celentano, D.D., and Salata, R.A. (2010). Hormonal 

contraception and HIV acquisition: reanalysis using marginal structural modeling. AIDS 24, 

1778-1781. 

Morrison, C.S., Skoler-Karpoff, S., Kwok, C., Chen, P.L., van de Wijgert, J., Gehret-

Plagianos, M., Patel, S., Ahmed, K., Ramjee, G., Friedland, B., et al. (2012). Hormonal 

contraception and the risk of HIV acquisition among women in South Africa. AIDS 26, 497-

504. 

Morrison, C.S., Turner, A.N., and Jones, L.B. (2009). Highly effective contraception and 

acquisition of HIV and other sexually transmitted infections. Best practice & research Clinical 

obstetrics & gynaecology 23, 263-284. 

Moss, G.B., Clemetson, D., D'Costa, L., Plummer, F.A., Ndinya-Achola, J.O., Reilly, M., 

Holmes, K.K., Piot, P., Maitha, G.M., Hillier, S.L., et al. (1991). Association of cervical ectopy 

with heterosexual transmission of human immunodeficiency virus: results of a study of 

couples in Nairobi, Kenya. J Infect Dis 164, 588-591. 

Mothes, W., Sherer, N.M., Jin, J., and Zhong, P. (2010). Virus cell-to-cell transmission. J 

Virol 84, 8360-8368. 

Muciaccia, B., Filippini, A., Ziparo, E., Colelli, F., Baroni, C.D., and Stefanini, M. (1998). 

Testicular germ cells of HIV-seropositive asymptomatic men are infected by the virus. J 

Reprod Immunol 41, 81-93. 

Muller, S., and Nebe-von-Caron, G. (2010). Functional single-cell analyses: flow cytometry 

and cell sorting of microbial populations and communities. FEMS microbiology reviews 34, 

554-587. 



160 
 

Mumper, R.J., Bell, M.A., Worthen, D.R., Cone, R.A., Lewis, G.R., Paull, J.R., and Moench, 

T.R. (2009). Formulating a sulfonated antiviral dendrimer in a vaginal microbicidal gel having 

dual mechanisms of action. Drug development and industrial pharmacy 35, 515-524. 

Munch, J., Rucker, E., Standker, L., Adermann, K., Goffinet, C., Schindler, M., Wildum, S., 

Chinnadurai, R., Rajan, D., Specht, A., et al. (2007). Semen-derived amyloid fibrils drastically 

enhance HIV infection. Cell 131, 1059-1071. 

Myer, L., Denny, L., de Souza, M., Wright, T.C., Jr., and Kuhn, L. (2006). Distinguishing the 

temporal association between women's intravaginal practices and risk of human 

immunodeficiency virus infection: a prospective study of South African women. Am J 

Epidemiol 163, 552-560. 

Myer, L., Kuhn, L., Stein, Z.A., Wright, T.C., Jr., and Denny, L. (2005). Intravaginal practices, 

bacterial vaginosis, and women's susceptibility to HIV infection: epidemiological evidence 

and biological mechanisms. The Lancet infectious diseases 5, 786-794. 

Nasir ud, D., Walker-Nasir, E., McArthur, J.W., Nash, T.E., Shalev, M., and Jeanloz, R.W. 

(1982). Immunologically induced changes in macaque cervical mucus functions: inhibition of 

sperm penetration. Fertil Steril 37, 431-435. 

Nelson, K.E., Eiumtrakul, S., Celentano, D., Maclean, I., Ronald, A., Suprasert, S., Hoover, 

D.R., Kuntolbutra, S., and Zenilman, J.M. (1997). The association of herpes simplex virus 

type 2 (HSV-2), Haemophilus ducreyi, and syphilis with HIV infection in young men in 

northern Thailand. J Acquir Immune Defic Syndr Hum Retrovirol 16, 293-300. 

Neutra, M.R., Frey, A., and Kraehenbuhl, J.P. (1996). Epithelial M cells: gateways for 

mucosal infection and immunization. Cell 86, 345-348. 

Niessen, C.M. (2007). Tight junctions/adherens junctions: basic structure and function. The 

Journal of investigative dermatology 127, 2525-2532. 

Nishibu, A., Ward, B.R., Jester, J.V., Ploegh, H.L., Boes, M., and Takashima, A. (2006). 

Behavioral responses of epidermal Langerhans cells in situ to local pathological stimuli. The 

Journal of investigative dermatology 126, 787-796. 

Norvell, M.K., Benrubi, G.I., and Thompson, R.J. (1984). Investigation of microtrauma after 

sexual intercourse. J Reprod Med 29, 269-271. 



161 
 

Nunnari, G., Otero, M., Dornadula, G., Vanella, M., Zhang, H., Frank, I., and Pomerantz, R.J. 

(2002). Residual HIV-1 disease in seminal cells of HIV-1-infected men on suppressive 

HAART: latency without on-going cellular infections. AIDS 16, 39-45. 

Nuovo, G.J., Becker, J., Simsir, A., Margiotta, M., Khalife, G., and Shevchuk, M. (1994). HIV-

1 nucleic acids localize to the spermatogonia and their progeny. A study by polymerase 

chain reaction in situ hybridization. The American journal of pathology 144, 1142-1148. 

O'Farrell, N. (2001). Enhanced efficiency of female-to-male HIV transmission in core groups 

in developing countries: the need to target men. Sex Transm Dis 28, 84-91. 

O'Shea, S., Cordery, M., Barrett, W.Y., Richman, D.D., Bradbeer, C., and Banatvala, J.E. 

(1990). HIV excretion patterns and specific antibody responses in body fluids. J Med Virol 31, 

291-296. 

Okamoto, M., Byrn, R., Eyre, R.C., Mullen, T., Church, P., and Kiessling, A.A. (2002). 

Seminal plasma induces programmed cell death in cultured peripheral blood mononuclear 

cells. AIDS Res Hum Retroviruses 18, 797-803. 

Okano, T., Murase, T., Nakamura, S., Komatsu, T., Tsubota, T., and Asano, M. (2009). 

Normal sperm morphology and changes of semen characteristics and abnormal 

morphological spermatozoa among peri-mating seasons in captive japanese black bears 

(Ursus thibetanus japonicus). The Journal of reproduction and development 55, 194-199. 

Olivier, A.J., Liebenberg, L.J., Coetzee, D., Williamson, A.L., Passmore, J.A., and Burgers, 

W.A. (2012). Isolation and characterization of T cells from semen. Journal of immunological 

methods 375, 223-231. 

Olmsted, S.S., Khanna, K.V., Ng, E.M., Whitten, S.T., Johnson, O.N., 3rd, Markham, R.B., 

Cone, R.A., and Moench, T.R. (2005). Low pH immobilizes and kills human leukocytes and 

prevents transmission of cell-associated HIV in a mouse model. BMC Infect Dis 5, 79. 

Organization/UNAIDS (2007). Male circumcision: global trends and determinants of 

prevalence, safety and acceptability. 

Owen, D.H., and Katz, D.F. (2005). A review of the physical and chemical properties of 

human semen and the formulation of a semen simulant. J Androl 26, 459-469. 

Paltiel, A.D., Freedberg, K.A., Scott, C.A., Schackman, B.R., Losina, E., Wang, B., Seage, 

G.R., 3rd, Sloan, C.E., Sax, P.E., and Walensky, R.P. (2009). HIV preexposure prophylaxis 



162 
 

in the United States: impact on lifetime infection risk, clinical outcomes, and cost-

effectiveness. Clin Infect Dis 48, 806-815. 

Paranjpe, S., Craigo, J., Patterson, B., Ding, M., Barroso, P., Harrison, L., Montelaro, R., and 

Gupta, P. (2002). Subcompartmentalization of HIV-1 quasispecies between seminal cells 

and seminal plasma indicates their origin in distinct genital tissues. AIDS Res Hum 

Retroviruses 18, 1271-1280. 

Patterson, B.K., Landay, A., Andersson, J., Brown, C., Behbahani, H., Jiyamapa, D., Burki, 

Z., Stanislawski, D., Czerniewski, M.A., and Garcia, P. (1998). Repertoire of chemokine 

receptor expression in the female genital tract: implications for human immunodeficiency 

virus transmission. The American journal of pathology 153, 481-490. 

Patterson, B.K., Landay, A., Siegel, J.N., Flener, Z., Pessis, D., Chaviano, A., and Bailey, 

R.C. (2002). Susceptibility to human immunodeficiency virus-1 infection of human foreskin 

and cervical tissue grown in explant culture. The American journal of pathology 161, 867-

873. 

Patton, D.L., Cosgrove-Sweeney, Y.T., Rabe, L.K., and Hillier, S.L. (2001). The pig-tailed 

macaque rectal model: microflora and chlamydial infection. Sex Transm Dis 28, 363-366. 

Patton, D.L., Sweeney, Y.C., Rabe, L.K., and Hillier, S.L. (1996). The vaginal microflora of 

pig-tailed macaques and the effects of chlorhexidine and benzalkonium on this ecosystem. 

Sex Transm Dis 23, 489-493. 

Pauza, C.D., Emau, P., Salvato, M.S., Trivedi, P., MacKenzie, D., Malkovsky, M., Uno, H., 

and Schultz, K.T. (1993). Pathogenesis of SIVmac251 after atraumatic inoculation of the 

rectal mucosa in rhesus monkeys. J Med Primatol 22, 154-161. 

Pauza, C.D., Malkovsky, M., and Salvato, M.S. (1994). SIV transmission across the mucosal 

barrier. AIDS Res Hum Retroviruses 10 Suppl 1, S7-10. 

Paxton, W.A., Martin, S.R., Tse, D., O'Brien, T.R., Skurnick, J., VanDevanter, N.L., Padian, 

N., Braun, J.F., Kotler, D.P., Wolinsky, S.M., et al. (1996). Relative resistance to HIV-1 

infection of CD4 lymphocytes from persons who remain uninfected despite multiple high-risk 

sexual exposure. Nat Med 2, 412-417. 

Pendley, C.J., Becker, E.A., Karl, J.A., Blasky, A.J., Wiseman, R.W., Hughes, A.L., 

O'Connor, S.L., and O'Connor, D.H. (2008). MHC class I characterization of Indonesian 

cynomolgus macaques. Immunogenetics 60, 339-351. 



163 
 

Permanyer, M., Ballana, E., Ruiz, A., Badia, R., Riveira-Munoz, E., Gonzalo, E., Clotet, B., 

and Este, J.A. (2012). Antiretroviral agents effectively block HIV replication after cell-to-cell 

transfer. J Virol 86, 8773-8780. 

Perotti, M.E., Pirovano, A., and Phillips, D.M. (2003). Carrageenan formulation prevents 

macrophage trafficking from vagina: implications for microbicide development. Biol Reprod 
69, 933-939. 

Persico, T., Savasi, V., Ferrazzi, E., Oneta, M., Semprini, A.E., and Simoni, G. (2006). 

Detection of human immunodeficiency virus-1 RNA and DNA by extractive and in situ PCR in 

unprocessed semen and seminal fractions isolated by semen-washing procedure. Hum 

Reprod 21, 1525-1530. 

Peters, B., Whittall, T., Babaahmady, K., Gray, K., Vaughan, R., and Lehner, T. (2004). 

Effect of heterosexual intercourse on mucosal alloimmunisation and resistance to HIV-1 

infection. Lancet 363, 518-524. 

Phillips, D.M. (1994). The role of cell-to-cell transmission in HIV infection. AIDS 8, 719-731. 

Phillips, D.M., and Bourinbaiar, A.S. (1992). Mechanism of HIV spread from lymphocytes to 

epithelia. Virology 186, 261-273. 

Picker, L.J., and Watkins, D.I. (2005). HIV pathogenesis: the first cut is the deepest. Nature 

immunology 6, 430-432. 

Piguet, V., and Steinman, R.M. (2007). The interaction of HIV with dendritic cells: outcomes 

and pathways. Trends in immunology 28, 503-510. 

Pilch-Cooper, H.A., Sieg, S.F., Hope, T.J., Koons, A., Escola, J.M., Offord, R., Veazey, R.S., 

Mosier, D.E., Clagett, B., Medvik, K., et al. (2011). Circulating human CD4 and CD8 T cells 

do not have large intracellular pools of CCR5. Blood 118, 1015-1019. 

Pilch, B., and Mann, M. (2006). Large-scale and high-confidence proteomic analysis of 

human seminal plasma. Genome biology 7, R40. 

Pilcher, C.D., Tien, H.C., Eron, J.J., Jr., Vernazza, P.L., Leu, S.Y., Stewart, P.W., Goh, L.E., 

and Cohen, M.S. (2004). Brief but efficient: acute HIV infection and the sexual transmission 

of HIV. J Infect Dis 189, 1785-1792. 



164 
 

Pillai, S.K., Good, B., Pond, S.K., Wong, J.K., Strain, M.C., Richman, D.D., and Smith, D.M. 

(2005). Semen-specific genetic characteristics of human immunodeficiency virus type 1 env. 

J Virol 79, 1734-1742. 

Ping, L.H., Cohen, M.S., Hoffman, I., Vernazza, P., Seillier-Moiseiwitsch, F., Chakraborty, H., 

Kazembe, P., Zimba, D., Maida, M., Fiscus, S.A., et al. (2000). Effects of genital tract 

inflammation on human immunodeficiency virus type 1 V3 populations in blood and semen. J 

Virol 74, 8946-8952. 

Piomboni, P., and Baccetti, B. (2000). Spermatozoon as a vehicle for HIV-1 and other 

viruses: a review. Molecular reproduction and development 56, 238-242. 

Piot, P.B., M. (2002). AIDS in Africa. Epidemiology of HIV and AIDS. (New-York: Kluwer 

Academic/Plenum Publishers). 

Plummer, F.A. (1998). Heterosexual transmission of human immunodeficiency virus type 1 

(HIV): interactions of conventional sexually transmitted diseases, hormonal contraception 

and HIV-1. AIDS Res Hum Retroviruses 14 Suppl 1, S5-10. 

Plummer, F.A., Simonsen, J.N., Cameron, D.W., Ndinya-Achola, J.O., Kreiss, J.K., Gakinya, 

M.N., Waiyaki, P., Cheang, M., Piot, P., Ronald, A.R., et al. (1991). Cofactors in male-female 

sexual transmission of human immunodeficiency virus type 1. J Infect Dis 163, 233-239. 

Politch, J.A., Mayer, K.H., and Anderson, D.J. (2009). Depletion of CD4+ T cells in semen 

during HIV infection and their restoration following antiretroviral therapy. J Acquir Immune 

Defic Syndr 50, 283-289. 

Politch, J.A., Mayer, K.H., Welles, S.L., O'Brien, W.X., Xu, C., Bowman, F.P., and Anderson, 

D.J. (2012). Highly active antiretroviral therapy does not completely suppress HIV in semen 

of sexually active HIV-infected men who have sex with men. AIDS 26, 1535-1543. 

Politch, J.A., Tucker, L., Bowman, F.P., and Anderson, D.J. (2007). Concentrations and 

significance of cytokines and other immunologic factors in semen of healthy fertile men. Hum 

Reprod 22, 2928-2935. 

Pollakis, G., and Paxton, W.A. (2012). Use of (alternative) coreceptors for HIV entry. Current 

opinion in HIV and AIDS 7, 440-449. 



165 
 

Poonia, B., Walter, L., Dufour, J., Harrison, R., Marx, P.A., and Veazey, R.S. (2006). Cyclic 

changes in the vaginal epithelium of normal rhesus macaques. The Journal of endocrinology 
190, 829-835. 

Pope, M., Gezelter, S., Gallo, N., Hoffman, L., and Steinman, R.M. (1995). Low levels of HIV-

1 infection in cutaneous dendritic cells promote extensive viral replication upon binding to 

memory CD4+ T cells. J Exp Med 182, 2045-2056. 

Pope, M., and Haase, A.T. (2003). Transmission, acute HIV-1 infection and the quest for 

strategies to prevent infection. Nat Med 9, 847-852. 

Prakash, M., Kapembwa, M.S., Gotch, F., and Patterson, S. (2001). Higher levels of 

activation markers and chemokine receptors on T lymphocytes in the cervix than peripheral 

blood of normal healthy women. J Reprod Immunol 52, 101-111. 

Price, L.B., Liu, C.M., Johnson, K.E., Aziz, M., Lau, M.K., Bowers, J., Ravel, J., Keim, P.S., 

Serwadda, D., Wawer, M.J., et al. (2010). The effects of circumcision on the penis 

microbiome. PLoS One 5, e8422. 

Pudney, J., and Anderson, D. (1991). Orchitis and human immunodeficiency virus type 1 

infected cells in reproductive tissues from men with the acquired immune deficiency 

syndrome. The American journal of pathology 139, 149-160. 

Pudney, J., and Anderson, D.J. (1995). Immunobiology of the human penile urethra. The 

American journal of pathology 147, 155-165. 

Pudney, J., Nguyen, H., Xu, C., and Anderson, D.J. (1999). Microscopic evidence against 

HIV-1 infection of germ cells or attachment to sperm. J Reprod Immunol 44, 57-77. 

Pudney, J., Oneta, M., Mayer, K., Seage, G., 3rd, and Anderson, D. (1992). Pre-ejaculatory 

fluid as potential vector for sexual transmission of HIV-1. Lancet 340, 1470. 

Pudney, J., Quayle, A.J., and Anderson, D.J. (2005). Immunological microenvironments in 

the human vagina and cervix: mediators of cellular immunity are concentrated in the cervical 

transformation zone. Biol Reprod 73, 1253-1263. 

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., Nielsen, T., Pons, N., 

Levenez, F., Yamada, T., et al. (2010). A human gut microbial gene catalogue established by 

metagenomic sequencing. Nature 464, 59-65. 



166 
 

Qin, Q., Zheng, X.Y., Wang, Y.Y., Shen, H.F., Sun, F., and Ding, W. (2009). Langerhans' cell 

density and degree of keratinization in foreskins of Chinese preschool boys and adults. 

International urology and nephrology 41, 747-753. 

Quan, C.P., Berneman, A., Pires, R., Avrameas, S., and Bouvet, J.P. (1997). Natural 

polyreactive secretory immunoglobulin A autoantibodies as a possible barrier to infection in 

humans. Infection and immunity 65, 3997-4004. 

Quayle, A.J., Xu, C., Mayer, K.H., and Anderson, D.J. (1997). T lymphocytes and 

macrophages, but not motile spermatozoa, are a significant source of human 

immunodeficiency virus in semen. J Infect Dis 176, 960-968. 

Quayle, A.J., Xu, C., Tucker, L., and Anderson, D.J. (1998). The case against an association 

between HIV-1 and sperm: molecular evidence. J Reprod Immunol 41, 127-136. 

Quinn, T.C. (1996). Global burden of the HIV pandemic. Lancet 348, 99-106. 

Quinones-Mateu, M.E., Lederman, M.M., Feng, Z., Chakraborty, B., Weber, J., Rangel, H.R., 

Marotta, M.L., Mirza, M., Jiang, B., Kiser, P., et al. (2003). Human epithelial beta-defensins 2 

and 3 inhibit HIV-1 replication. AIDS 17, F39-48. 

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., and Medzhitov, R. (2004). 

Recognition of commensal microflora by toll-like receptors is required for intestinal 

homeostasis. Cell 118, 229-241. 

Ramsey, K.H., Schneider, H., Cross, A.S., Boslego, J.W., Hoover, D.L., Staley, T.L., 

Kuschner, R.A., and Deal, C.D. (1995). Inflammatory cytokines produced in response to 

experimental human gonorrhea. J Infect Dis 172, 186-191. 

Raux, M., Finkielsztejn, L., Salmon-Ceron, D., Bouchez, H., Excler, J.L., Dulioust, E., Grouin, 

J.M., Sicard, D., and Blondeau, C. (2000). IgG subclass distribution in serum and various 

mucosal fluids of HIV type 1-infected subjects. AIDS Res Hum Retroviruses 16, 583-594. 

Rehle, T., Brinkmann, U.K., Siraprapasiri, T., Coplan, P., Aiemsukawat, C., and Ungchusak, 

K. (1992). Risk factors of HIV-1 infection among female prostitutes in Khon Kaen, Northeast 

Thailand. Infection 20, 328-331. 

Roan, N.R., Muller, J.A., Liu, H., Chu, S., Arnold, F., Sturzel, C.M., Walther, P., Dong, M., 

Witkowska, H.E., Kirchhoff, F., et al. (2011). Peptides released by physiological cleavage of 



167 
 

semen coagulum proteins form amyloids that enhance HIV infection. Cell host & microbe 10, 

541-550. 

Roan, N.R., Munch, J., Arhel, N., Mothes, W., Neidleman, J., Kobayashi, A., Smith-McCune, 

K., Kirchhoff, F., and Greene, W.C. (2009). The cationic properties of SEVI underlie its ability 

to enhance human immunodeficiency virus infection. J Virol 83, 73-80. 

Robboy, S.J.B., R. C.; Russell, P. (2001). Pathology of the Female Genital Tract (New York: 

Springer). 

Robboy, S.J.P., M.; Cunha, G. (1992). Histology for Pathologists (Raven Press, North 

Holland, New York). 

Robert, M., and Gagnon, C. (1999). Semenogelin I: a coagulum forming, multifunctional 

seminal vesicle protein. Cellular and molecular life sciences : CMLS 55, 944-960. 

Robertson, S.A. (2005). Seminal plasma and male factor signalling in the female 

reproductive tract. Cell and tissue research 322, 43-52. 

Robertson, S.A., Guerin, L.R., Bromfield, J.J., Branson, K.M., Ahlstrom, A.C., and Care, A.S. 

(2009). Seminal fluid drives expansion of the CD4+CD25+ T regulatory cell pool and induces 

tolerance to paternal alloantigens in mice. Biol Reprod 80, 1036-1045. 

Robertson, S.A., Ingman, W.V., O'Leary, S., Sharkey, D.J., and Tremellen, K.P. (2002). 

Transforming growth factor beta--a mediator of immune deviation in seminal plasma. J 

Reprod Immunol 57, 109-128. 

Robertson, S.A., and Sharkey, D.J. (2001). The role of semen in induction of maternal 

immune tolerance to pregnancy. Seminars in immunology 13, 243-254. 

Romani, N., Ratzinger, G., Pfaller, K., Salvenmoser, W., Stossel, H., Koch, F., and Stoitzner, 

P. (2001). Migration of dendritic cells into lymphatics-the Langerhans cell example: routes, 

regulation, and relevance. International review of cytology 207, 237-270. 

Ronnberg, L., Vihko, P., Sajanti, E., and Vihko, R. (1981). Clomiphene citrate administration 

to normogonadotropic subfertile men: blood hormone changes and activation of acid 

phosphatase in seminal fluid. Int J Androl 4, 372-378. 

Rothenberg, R.B., Scarlett, M., del Rio, C., Reznik, D., and O'Daniels, C. (1998). Oral 

transmission of HIV. AIDS 12, 2095-2105. 



168 
 

Rottingen, J.A., Cameron, D.W., and Garnett, G.P. (2001). A systematic review of the 

epidemiologic interactions between classic sexually transmitted diseases and HIV: how much 

really is known? Sex Transm Dis 28, 579-597. 

Roulet, V., Denis, H., Staub, C., Le Tortorec, A., Delaleu, B., Satie, A.P., Patard, J.J., Jegou, 

B., and Dejucq-Rainsford, N. (2006). Human testis in organotypic culture: application for 

basic or clinical research. Hum Reprod 21, 1564-1575. 

Rouvière, H. (1978). Anatomie humaine, descriptive, topographique et fonctionnelle, Tronc 

(Paris: Masson). 

Royce, R.A., Sena, A., Cates, W., Jr., and Cohen, M.S. (1997). Sexual transmission of HIV. 

N Engl J Med 336, 1072-1078. 

Rudnicka, D., Feldmann, J., Porrot, F., Wietgrefe, S., Guadagnini, S., Prevost, M.C., 

Estaquier, J., Haase, A.T., Sol-Foulon, N., and Schwartz, O. (2009). Simultaneous cell-to-cell 

transmission of human immunodeficiency virus to multiple targets through polysynapses. J 

Virol 83, 6234-6246. 

Ruffin, N., Borggren, M., Euler, Z., Fiorino, F., Grupping, K., Hallengard, D., Javed, A., 

Mendonca, K., Pollard, C., Reinhart, D., et al. (2012). Rational design of HIV vaccines and 

microbicides: report of the EUROPRISE annual conference 2011. Journal of translational 

medicine 10, 144. 

Russo, C.L., Spurr-Michaud, S., Tisdale, A., Pudney, J., Anderson, D., and Gipson, I.K. 

(2006). Mucin gene expression in human male urogenital tract epithelia. Hum Reprod 21, 

2783-2793. 

Sabatte, J., Ceballos, A., Raiden, S., Vermeulen, M., Nahmod, K., Maggini, J., Salamone, G., 

Salomon, H., Amigorena, S., and Geffner, J. (2007). Human seminal plasma abrogates the 

capture and transmission of human immunodeficiency virus type 1 to CD4+ T cells mediated 

by DC-SIGN. J Virol 81, 13723-13734. 

Sabatte, J., Remes Lenicov, F., Cabrini, M., Rodriguez, C.R., Ostrowski, M., Ceballos, A., 

Amigorena, S., and Geffner, J. (2011). The role of semen in sexual transmission of HIV: 

beyond a carrier for virus particles. Microbes and infection / Institut Pasteur 13, 977-982. 

Sadiq, S.T., Taylor, S., Copas, A.J., Bennett, J., Kaye, S., Drake, S.M., Kirk, S., Pillay, D., 

and Weller, I.V. (2005). The effects of urethritis on seminal plasma HIV-1 RNA loads in 

homosexual men not receiving antiretroviral therapy. Sex Transm Infect 81, 120-123. 



169 
 

Saeland, E., de Jong, M.A., Nabatov, A.A., Kalay, H., Geijtenbeek, T.B., and van Kooyk, Y. 

(2009). MUC1 in human milk blocks transmission of human immunodeficiency virus from 

dendritic cells to T cells. Molecular immunology 46, 2309-2316. 

Salazar-Gonzalez, J.F., Salazar, M.G., Keele, B.F., Learn, G.H., Giorgi, E.E., Li, H., Decker, 

J.M., Wang, S., Baalwa, J., Kraus, M.H., et al. (2009). Genetic identity, biological phenotype, 

and evolutionary pathways of transmitted/founder viruses in acute and early HIV-1 infection. 

J Exp Med 206, 1273-1289. 

Salle, B., Brochard, P., Bourry, O., Mannioui, A., Andrieu, T., Prevot, S., Dejucq-Rainsford, 

N., Dereuddre-Bosquet, N., and Le Grand, R. (2010). Infection of macaques after vaginal 

exposure to cell-associated simian immunodeficiency virus. J Infect Dis 202, 337-344. 

Samson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber, C.M., Saragosti, S., 

Lapoumeroulie, C., Cognaux, J., Forceille, C., et al. (1996). Resistance to HIV-1 infection in 

caucasian individuals bearing mutant alleles of the CCR-5 chemokine receptor gene. Nature 
382, 722-725. 

Saphire, A.C., Bobardt, M.D., Zhang, Z., David, G., and Gallay, P.A. (2001). Syndecans 

serve as attachment receptors for human immunodeficiency virus type 1 on macrophages. J 

Virol 75, 9187-9200. 

Sattentau, Q. (2008). Avoiding the void: cell-to-cell spread of human viruses. Nature reviews 

Microbiology 6, 815-826. 

Savasi, V., Ferrazzi, E., and Fiore, S. (2008). Reproductive assistance for infected couples 

with bloodborne viruses. Placenta 29 Suppl B, 160-165. 

Schafer, F., Kewenig, S., Stolte, N., Stahl-Hennig, C., Stallmach, A., Kaup, F.J., Zeitz, M., 

and Schneider, T. (2002). Lack of simian immunodeficiency virus (SIV) specific IgA response 

in the intestine of SIV infected rhesus macaques. Gut 50, 608-614. 

Schlievert, P.M., Strandberg, K.L., Brosnahan, A.J., Peterson, M.L., Pambuccian, S.E., 

Nephew, K.R., Brunner, K.G., Schultz-Darken, N.J., and Haase, A.T. (2008). Glycerol 

monolaurate does not alter rhesus macaque (Macaca mulatta) vaginal lactobacilli and is safe 

for chronic use. Antimicrob Agents Chemother 52, 4448-4454. 

Schon, M.P., Arya, A., Murphy, E.A., Adams, C.M., Strauch, U.G., Agace, W.W., Marsal, J., 

Donohue, J.P., Her, H., Beier, D.R., et al. (1999). Mucosal T lymphocyte numbers are 

selectively reduced in integrin alpha E (CD103)-deficient mice. J Immunol 162, 6641-6649. 



170 
 

Schumacher, G.F. (1988). Immunology of spermatozoa and cervical mucus. Hum Reprod 3, 

289-300. 

Schutten, M., van Baalen, C.A., Guillon, C., Huisman, R.C., Boers, P.H., Sintnicolaas, K., 

Gruters, R.A., and Osterhaus, A.D. (2001). Macrophage tropism of human immunodeficiency 

virus type 1 facilitates in vivo escape from cytotoxic T-lymphocyte pressure. J Virol 75, 2706-

2709. 

Scofield, V.L. (1998). Sperm as infection-potentiating cofactors in HIV transmission. J 

Reprod Immunol 41, 359-372. 

Seidel, A., Ye, Y., de Armas, L.R., Soto, M., Yarosh, W., Marcsisin, R.A., Tran, D., Selsted, 

M.E., and Camerini, D. (2010). Cyclic and acyclic defensins inhibit human immunodeficiency 

virus type-1 replication by different mechanisms. PLoS One 5, e9737. 

Semprini, A.E. (1993). Insemination of HIV-negative women with processed semen of HIV-

positive partners. Lancet 341, 1343-1344. 

Shacklett, B.L., Cox, C.A., Sandberg, J.K., Stollman, N.H., Jacobson, M.A., and Nixon, D.F. 

(2003). Trafficking of human immunodeficiency virus type 1-specific CD8+ T cells to gut-

associated lymphoid tissue during chronic infection. J Virol 77, 5621-5631. 

Shah, U., Dickinson, B.L., Blumberg, R.S., Simister, N.E., Lencer, W.I., and Walker, W.A. 

(2003). Distribution of the IgG Fc receptor, FcRn, in the human fetal intestine. Pediatric 

research 53, 295-301. 

Sharkey, D.J., Macpherson, A.M., Tremellen, K.P., and Robertson, S.A. (2007). Seminal 

plasma differentially regulates inflammatory cytokine gene expression in human cervical and 

vaginal epithelial cells. Mol Hum Reprod 13, 491-501. 

Sharkey, D.J., Tremellen, K.P., Jasper, M.J., Gemzell-Danielsson, K., and Robertson, S.A. 

(2012). Seminal fluid induces leukocyte recruitment and cytokine and chemokine mRNA 

expression in the human cervix after coitus. J Immunol 188, 2445-2454. 

Sharova, N., Swingler, C., Sharkey, M., and Stevenson, M. (2005). Macrophages archive 

HIV-1 virions for dissemination in trans. The EMBO journal 24, 2481-2489. 

Shattock, R.J., Griffin, G.E., and Gorodeski, G.I. (2000). In vitro models of mucosal HIV 

transmission. Nat Med 6, 607-608. 



171 
 

Shattock, R.J., and Moore, J.P. (2003). Inhibiting sexual transmission of HIV-1 infection. 

Nature reviews Microbiology 1, 25-34. 

Shehu-Xhilaga, M., Kent, S., Batten, J., Ellis, S., Van der Meulen, J., O'Bryan, M., Cameron, 

P.U., Lewin, S.R., and Hedger, M.P. (2007). The testis and epididymis are productively 

infected by SIV and SHIV in juvenile macaques during the post-acute stage of infection. 

Retrovirology 4, 7. 

Shen, R., Smythies, L.E., Clements, R.H., Novak, L., and Smith, P.D. (2010). Dendritic cells 

transmit HIV-1 through human small intestinal mucosa. Journal of leukocyte biology 87, 663-

670. 

Sherer, N.M., Lehmann, M.J., Jimenez-Soto, L.F., Horensavitz, C., Pypaert, M., and Mothes, 

W. (2007). Retroviruses can establish filopodial bridges for efficient cell-to-cell transmission. 

Nature cell biology 9, 310-315. 

Sheth, P.M., Danesh, A., Shahabi, K., Rebbapragada, A., Kovacs, C., Dimayuga, R., 

Halpenny, R., Macdonald, K.S., Mazzulli, T., Kelvin, D., et al. (2005). HIV-specific CD8+ 

lymphocytes in semen are not associated with reduced HIV shedding. J Immunol 175, 4789-

4796. 

Sheth, P.M., Sunderji, S., Shin, L.Y., Rebbapragada, A., Huibner, S., Kimani, J., Macdonald, 

K.S., Ngugi, E., Bwayo, J.J., Moses, S., et al. (2008). Coinfection with herpes simplex virus 

type 2 is associated with reduced HIV-specific T cell responses and systemic immune 

activation. J Infect Dis 197, 1394-1401. 

Sheth, P.M., Yi, T.J., Kovacs, C., Kemal, K.S., Jones, R.B., Osborne, B., Pilon, R., la Porte, 

C., Ostrowski, M., Mazzulli, T., et al. (2012). Mucosal correlates of isolated HIV semen 

shedding during effective antiretroviral therapy. Mucosal immunology 5, 248-257. 

Shieh, C.C., Sadasivan, B.K., Russell, G.J., Schon, M.P., Parker, C.M., and Brenner, M.B. 

(1999). Lymphocyte adhesion to epithelia and endothelia mediated by the lymphocyte 

endothelial-epithelial cell adhesion molecule glycoprotein. J Immunol 163, 1592-1601. 

Shirvani, H., Achour, L., Scott, M.G., Thuret, A., Labbe-Jullie, C., Bismuth, G., and Marullo, 

S. (2011). Evidence for internal stores of CCR5 in blood cells. Blood 118, 1175-1176. 

Shukair, S.A., Allen, S.A., Cianci, G.C., Stieh, D.J., Anderson, M.R., Baig, S.M., Gioia, C.J., 

Spongberg, E.J., Kauffman, S.M., McRaven, M.D., et al. (2013). Human cervicovaginal 

mucus contains an activity that hinders HIV-1 movement. Mucosal immunology 6, 427-434. 



172 
 

Siegfried, N., Muller, M., Deeks, J., Volmink, J., Egger, M., Low, N., Walker, S., and 

Williamson, P. (2005). HIV and male circumcision--a systematic review with assessment of 

the quality of studies. The Lancet infectious diseases 5, 165-173. 

Sigal, A., Kim, J.T., Balazs, A.B., Dekel, E., Mayo, A., Milo, R., and Baltimore, D. (2011). 

Cell-to-cell spread of HIV permits ongoing replication despite antiretroviral therapy. Nature 
477, 95-98. 

Siliciano, J.D., Kajdas, J., Finzi, D., Quinn, T.C., Chadwick, K., Margolick, J.B., Kovacs, C., 

Gange, S.J., and Siliciano, R.F. (2003). Long-term follow-up studies confirm the stability of 

the latent reservoir for HIV-1 in resting CD4+ T cells. Nat Med 9, 727-728. 

Simon, F., Mauclere, P., Roques, P., Loussert-Ajaka, I., Muller-Trutwin, M.C., Saragosti, S., 

Georges-Courbot, M.C., Barre-Sinoussi, F., and Brun-Vezinet, F. (1998). Identification of a 

new human immunodeficiency virus type 1 distinct from group M and group O. Nat Med 4, 

1032-1037. 

Skurnick, J.H., Palumbo, P., DeVico, A., Shacklett, B.L., Valentine, F.T., Merges, M., Kamin-

Lewis, R., Mestecky, J., Denny, T., Lewis, G.K., et al. (2002). Correlates of nontransmission 

in US women at high risk of human immunodeficiency virus type 1 infection through sexual 

exposure. J Infect Dis 185, 428-438. 

Smith, D.M., Kingery, J.D., Wong, J.K., Ignacio, C.C., Richman, D.D., and Little, S.J. 

(2004a). The prostate as a reservoir for HIV-1. AIDS 18, 1600-1602. 

Smith, P.D., Meng, G., Salazar-Gonzalez, J.F., and Shaw, G.M. (2003). Macrophage HIV-1 

infection and the gastrointestinal tract reservoir. Journal of leukocyte biology 74, 642-649. 

Smith, S.M., Baskin, G.B., and Marx, P.A. (2000). Estrogen protects against vaginal 

transmission of simian immunodeficiency virus. J Infect Dis 182, 708-715. 

Smith, S.M., Mefford, M., Sodora, D., Klase, Z., Singh, M., Alexander, N., Hess, D., and 

Marx, P.A. (2004b). Topical estrogen protects against SIV vaginal transmission without 

evidence of systemic effect. AIDS 18, 1637-1643. 

Soderlund, J., Hirbod, T., Goh, L.E., Andersson, J., and Broliden, K. (2004). Presence of 

HIV-1 neutralizing IgA antibodies in primary HIV-1 infected patients. Scandinavian journal of 

infectious diseases 36, 663-669. 



173 
 

Soilleux, E.J., Morris, L.S., Leslie, G., Chehimi, J., Luo, Q., Levroney, E., Trowsdale, J., 

Montaner, L.J., Doms, R.W., Weissman, D., et al. (2002). Constitutive and induced 

expression of DC-SIGN on dendritic cell and macrophage subpopulations in situ and in vitro. 

Journal of leukocyte biology 71, 445-457. 

Soler, J.M., and Previnaire, J.G. (2011). Ejaculatory dysfunction in spinal cord injury men is 

suggestive of dyssynergic ejaculation. European journal of physical and rehabilitation 

medicine 47, 677-681. 

Sourisseau, M., Sol-Foulon, N., Porrot, F., Blanchet, F., and Schwartz, O. (2007). Inefficient 

human immunodeficiency virus replication in mobile lymphocytes. J Virol 81, 1000-1012. 

Sowinski, S., Jolly, C., Berninghausen, O., Purbhoo, M.A., Chauveau, A., Kohler, K., Oddos, 

S., Eissmann, P., Brodsky, F.M., Hopkins, C., et al. (2008). Membrane nanotubes physically 

connect T cells over long distances presenting a novel route for HIV-1 transmission. Nature 

cell biology 10, 211-219. 

Spear, G.T., Gilbert, D., Sikaroodi, M., Doyle, L., Green, L., Gillevet, P.M., Landay, A.L., and 

Veazey, R.S. (2010). Identification of rhesus macaque genital microbiota by 16S 

pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an 

animal model for HIV vaginal infection. AIDS Res Hum Retroviruses 26, 193-200. 

Spira, A.I., Marx, P.A., Patterson, B.K., Mahoney, J., Koup, R.A., Wolinsky, S.M., and Ho, 

D.D. (1996). Cellular targets of infection and route of viral dissemination after an intravaginal 

inoculation of simian immunodeficiency virus into rhesus macaques. J Exp Med 183, 215-

225. 

Stax, M.J., van Montfort, T., Sprenger, R.R., Melchers, M., Sanders, R.W., van Leeuwen, E., 

Repping, S., Pollakis, G., Speijer, D., and Paxton, W.A. (2009). Mucin 6 in seminal plasma 

binds DC-SIGN and potently blocks dendritic cell mediated transfer of HIV-1 to CD4(+) T-

lymphocytes. Virology 391, 203-211. 

Steinman, R.M., Granelli-Piperno, A., Pope, M., Trumpfheller, C., Ignatius, R., Arrode, G., 

Racz, P., and Tenner-Racz, K. (2003). The interaction of immunodeficiency viruses with 

dendritic cells. Current topics in microbiology and immunology 276, 1-30. 

Stephens, J.C., Reich, D.E., Goldstein, D.B., Shin, H.D., Smith, M.W., Carrington, M., 

Winkler, C., Huttley, G.A., Allikmets, R., Schriml, L., et al. (1998). Dating the origin of the 

CCR5-Delta32 AIDS-resistance allele by the coalescence of haplotypes. American journal of 

human genetics 62, 1507-1515. 



174 
 

Stephenson, J.M. (1998). Systematic review of hormonal contraception and risk of HIV 

transmission: when to resist meta-analysis. AIDS 12, 545-553. 

Stief, T.W. (2003). Singlet oxygen (1O2)-oxidazable lipids in the HIV membrane, new targets 

for AIDS therapy? Med Hypotheses 60, 575-577. 

Stites, D.P., and Erickson, R.P. (1975). Suppressive effect of seminal plasma on lymphocyte 

activation. Nature 253, 727-729. 

Stoddard, E., Cannon, G., Ni, H., Kariko, K., Capodici, J., Malamud, D., and Weissman, D. 

(2007). gp340 expressed on human genital epithelia binds HIV-1 envelope protein and 

facilitates viral transmission. J Immunol 179, 3126-3132. 

Stoddard, E., Ni, H., Cannon, G., Zhou, C., Kallenbach, N., Malamud, D., and Weissman, D. 

(2009). gp340 promotes transcytosis of human immunodeficiency virus type 1 in genital tract-

derived cell lines and primary endocervical tissue. J Virol 83, 8596-8603. 

Storey, D.F., Dolan, M.J., Anderson, S.A., Meier, P.A., and Walter, E.A. (1999). Seminal 

plasma RANTES levels positively correlate with seminal plasma HIV-1 RNA levels. AIDS 13, 

2169-2171. 

Strain, M.C., Gunthard, H.F., Havlir, D.V., Ignacio, C.C., Smith, D.M., Leigh-Brown, A.J., 

Macaranas, T.R., Lam, R.Y., Daly, O.A., Fischer, M., et al. (2003). Heterogeneous clearance 

rates of long-lived lymphocytes infected with HIV: intrinsic stability predicts lifelong 

persistence. Proc Natl Acad Sci U S A 100, 4819-4824. 

Strathdee, S.A., Hogg, R.S., O'Shaughnessy, M.V., Montaner, J.S., and Schechter, M.T. 

(1996). A decade of research on the natural history of HIV infection: Part 2. Cofactors. 

Clinical and investigative medicine Medecine clinique et experimentale 19, 121-130. 

Strugnell, R.A., and Wijburg, O.L. (2010). The role of secretory antibodies in infection 

immunity. Nature reviews Microbiology 8, 656-667. 

Sturm, A.W., and Zanen, H.C. (1984). Characteristics of Haemophilus ducreyi in culture. J 

Clin Microbiol 19, 672-674. 

Sun, L., Finnegan, C.M., Kish-Catalone, T., Blumenthal, R., Garzino-Demo, P., La Terra 

Maggiore, G.M., Berrone, S., Kleinman, C., Wu, Z., Abdelwahab, S., et al. (2005). Human 

beta-defensins suppress human immunodeficiency virus infection: potential role in mucosal 

protection. J Virol 79, 14318-14329. 



175 
 

Swidsinski, A., Loening-Baucke, V., Theissig, F., Engelhardt, H., Bengmark, S., Koch, S., 

Lochs, H., and Dorffel, Y. (2007). Comparative study of the intestinal mucus barrier in normal 

and inflamed colon. Gut 56, 343-350. 

Tachet, A., Dulioust, E., Salmon, D., De Almeida, M., Rivalland, S., Finkielsztejn, L., Heard, 

I., Jouannet, P., Sicard, D., and Rouzioux, C. (1999). Detection and quantification of HIV-1 in 

semen: identification of a subpopulation of men at high potential risk of viral sexual 

transmission. AIDS 13, 823-831. 

Tan, X., Pearce-Pratt, R., and Phillips, D.M. (1993). Productive infection of a cervical 

epithelial cell line with human immunodeficiency virus: implications for sexual transmission. J 

Virol 67, 6447-6452. 

Tan, X., and Phillips, D.M. (1996). Cell-mediated infection of cervix derived epithelial cells 

with primary isolates of human immunodeficiency virus. Archives of virology 141, 1177-1189. 

Taylor, S., and Pereira, A.S. (2001). Antiretroviral drug concentrations in semen of HIV-1 

infected men. Sex Transm Infect 77, 4-11. 

Taylor, S., Sadiq, S.T., Weller, I., Kaye, S., Workman, J., Cane, P.A., Bennett, J., Copas, 

A.J., Drake, S.M., and Pillay, D. (2003). Drug-resistant HIV-1 in the semen of men receiving 

antiretroviral therapy with acute sexually transmitted infections. Antivir Ther 8, 479-483. 

Thomas, J.A., Ott, D.E., and Gorelick, R.J. (2007). Efficiency of human immunodeficiency 

virus type 1 postentry infection processes: evidence against disproportionate numbers of 

defective virions. J Virol 81, 4367-4370. 

Tindall, B., Evans, L., Cunningham, P., McQueen, P., Hurren, L., Vasak, E., Mooney, J., and 

Cooper, D.A. (1992). Identification of HIV-1 in semen following primary HIV-1 infection. AIDS 
6, 949-952. 

Tomlinson, M.J., Barratt, C.L., Bolton, A.E., Lenton, E.A., Roberts, H.B., and Cooke, I.D. 

(1992a). Round cells and sperm fertilizing capacity: the presence of immature germ cells but 

not seminal leukocytes are associated with reduced success of in vitro fertilization. Fertil 

Steril 58, 1257-1259. 

Tomlinson, M.J., White, A., Barratt, C.L., Bolton, A.E., and Cooke, I.D. (1992b). The removal 

of morphologically abnormal sperm forms by phagocytes: a positive role for seminal 

leukocytes? Hum Reprod 7, 517-522. 



176 
 

Trifonova, R.T., Bajpai, M., Pasicznyk, J.M., Chandra, N., Doncel, G.F., and Fichorova, R.N. 

(2007). Biomarkers of leukocyte traffic and activation in the vaginal mucosa. Biomarkers : 

biochemical indicators of exposure, response, and susceptibility to chemicals 12, 608-622. 

Turville, S.G., Santos, J.J., Frank, I., Cameron, P.U., Wilkinson, J., Miranda-Saksena, M., 

Dable, J., Stossel, H., Romani, N., Piatak, M., Jr., et al. (2004). Immunodeficiency virus 

uptake, turnover, and 2-phase transfer in human dendritic cells. Blood 103, 2170-2179. 

UNAIDS (2009). AIDS epidemic update : November 2009. (Joint United Nations Programme 

on HIV/AIDS (UNAIDS) and World Health Organization (WHO) 2009). 

UNAIDS (2012). Global report: UNAIDS report on the global AIDS epidemic 2012 (Joint 

United Nations Programme on HIV/AIDS (UNAIDS)). 

Uvin, S.C., and Caliendo, A.M. (1997). Cervicovaginal human immunodeficiency virus 

secretion and plasma viral load in human immunodeficiency virus-seropositive women. 

Obstetrics and gynecology 90, 739-743. 

Vajdy, M., Veazey, R.S., Knight, H.K., Lackner, A.A., and Neutra, M.R. (2000). Differential 

effects of simian immunodeficiency virus infection on immune inductive and effector sites in 

the rectal mucosa of rhesus macaques. The American journal of pathology 157, 485-495. 

Van Laer, L., Vingerhoets, J., Vanham, G., Kestens, L., Bwayo, J., Otido, J., Piot, P., and 

Roggen, E. (1995). In vitro stimulation of peripheral blood mononuclear cells (PBMC) from 

HIV- and HIV+ chancroid patients by Haemophilus ducreyi antigens. Clinical and 

experimental immunology 102, 243-250. 

Vanderpuye, O.A., Labarrere, C.A., and McIntyre, J.A. (1992). The complement system in 

human reproduction. Am J Reprod Immunol 27, 145-155. 

VandeVoort, C.A. (2004). High quality sperm for nonhuman primate ART: production and 

assessment. Reproductive biology and endocrinology : RB&E 2, 33. 

Vassiliadou, N., Tucker, L., and Anderson, D.J. (1999). Progesterone-induced inhibition of 

chemokine receptor expression on peripheral blood mononuclear cells correlates with 

reduced HIV-1 infectability in vitro. J Immunol 162, 7510-7518. 

Veazey, R.S. (2008). Microbicide safety/efficacy studies in animals: macaques and small 

animal models. Current opinion in HIV and AIDS 3, 567-573. 



177 
 

Veazey, R.S., DeMaria, M., Chalifoux, L.V., Shvetz, D.E., Pauley, D.R., Knight, H.L., 

Rosenzweig, M., Johnson, R.P., Desrosiers, R.C., and Lackner, A.A. (1998). Gastrointestinal 

tract as a major site of CD4+ T cell depletion and viral replication in SIV infection. Science 
280, 427-431. 

Veazey, R.S., Mansfield, K.G., Tham, I.C., Carville, A.C., Shvetz, D.E., Forand, A.E., and 

Lackner, A.A. (2000a). Dynamics of CCR5 expression by CD4(+) T cells in lymphoid tissues 

during simian immunodeficiency virus infection. J Virol 74, 11001-11007. 

Veazey, R.S., Marx, P.A., and Lackner, A.A. (2001). The mucosal immune system: primary 

target for HIV infection and AIDS. Trends in immunology 22, 626-633. 

Veazey, R.S., Marx, P.A., and Lackner, A.A. (2003). Vaginal CD4+ T cells express high 

levels of CCR5 and are rapidly depleted in simian immunodeficiency virus infection. J Infect 

Dis 187, 769-776. 

Veazey, R.S., Shattock, R.J., Klasse, P.J., and Moore, J.P. (2012). Animal models for 

microbicide studies. Curr HIV Res 10, 79-87. 

Veazey, R.S., Tham, I.C., Mansfield, K.G., DeMaria, M., Forand, A.E., Shvetz, D.E., 

Chalifoux, L.V., Sehgal, P.K., and Lackner, A.A. (2000b). Identifying the target cell in primary 

simian immunodeficiency virus (SIV) infection: highly activated memory CD4(+) T cells are 

rapidly eliminated in early SIV infection in vivo. J Virol 74, 57-64. 

Venkataraman, N., Cole, A.L., Svoboda, P., Pohl, J., and Cole, A.M. (2005). Cationic 

polypeptides are required for anti-HIV-1 activity of human vaginal fluid. J Immunol 175, 7560-

7567. 

Vernazza, P.L. (2001). Genital shedding of HIV-1 despite successful antiretroviral therapy. 

Lancet 358, 1564. 

Vernazza, P.L., Eron, J.J., Cohen, M.S., van der Horst, C.M., Troiani, L., and Fiscus, S.A. 

(1994). Detection and biologic characterization of infectious HIV-1 in semen of seropositive 

men. AIDS 8, 1325-1329. 

Vernazza, P.L., Gilliam, B.L., Dyer, J., Fiscus, S.A., Eron, J.J., Frank, A.C., and Cohen, M.S. 

(1997a). Quantification of HIV in semen: correlation with antiviral treatment and immune 

status. AIDS 11, 987-993. 



178 
 

Vernazza, P.L., Gilliam, B.L., Flepp, M., Dyer, J.R., Frank, A.C., Fiscus, S.A., Cohen, M.S., 

and Eron, J.J. (1997b). Effect of antiviral treatment on the shedding of HIV-1 in semen. AIDS 
11, 1249-1254. 

Vernazza, P.L., Troiani, L., Flepp, M.J., Cone, R.W., Schock, J., Roth, F., Boggian, K., 

Cohen, M.S., Fiscus, S.A., and Eron, J.J. (2000). Potent antiretroviral treatment of HIV-

infection results in suppression of the seminal shedding of HIV. The Swiss HIV Cohort Study. 

AIDS 14, 117-121. 

Verrier, B., Le Grand, R., Ataman-Onal, Y., Terrat, C., Guillon, C., Durand, P.Y., Hurtrel, B., 

Aubertin, A.M., Sutter, G., Erfle, V., et al. (2002). Evaluation in rhesus macaques of Tat and 

rev-targeted immunization as a preventive vaccine against mucosal challenge with SHIV-

BX08. DNA and cell biology 21, 653-658. 

Vingert, B.C., Le Grand, R., and Venet, A. (2003). Heterogeneity of the simian 

immunodeficiency virus (SIV) specific CD8(+) T-cell response in mucosal tissues during SIV 

primary infection. Microbes and infection / Institut Pasteur 5, 757-767. 

Vittinghoff, E., Douglas, J., Judson, F., McKirnan, D., MacQueen, K., and Buchbinder, S.P. 

(1999). Per-contact risk of human immunodeficiency virus transmission between male sexual 

partners. Am J Epidemiol 150, 306-311. 

Wahl, S.M., Redford, M., Christensen, S., Mack, W., Cohn, J., Janoff, E.N., Mestecky, J., 

Jenson, H.B., Navazesh, M., Cohen, M., et al. (2011). Systemic and mucosal differences in 

HIV burden, immune, and therapeutic responses. J Acquir Immune Defic Syndr 56, 401-411. 

Wald, A. (2004). Synergistic interactions between herpes simplex virus type-2 and human 

immunodeficiency virus epidemics. Herpes : the journal of the IHMF 11, 70-76. 

Walker, P.R., Pybus, O.G., Rambaut, A., and Holmes, E.C. (2005). Comparative population 

dynamics of HIV-1 subtypes B and C: subtype-specific differences in patterns of epidemic 

growth. Infection, genetics and evolution : journal of molecular epidemiology and evolutionary 

genetics in infectious diseases 5, 199-208. 

Wamai, R.G., Morris, B.J., Bailis, S.A., Sokal, D., Klausner, J.D., Appleton, R., Sewankambo, 

N., Cooper, D.A., Bongaarts, J., de Bruyn, G., et al. (2011). Male circumcision for HIV 

prevention: current evidence and implementation in sub-Saharan Africa. Journal of the 

International AIDS Society 14, 49. 



179 
 

Wan, Y.Y., and Flavell, R.A. (2007). 'Yin-Yang' functions of transforming growth factor-beta 

and T regulatory cells in immune regulation. Immunological reviews 220, 199-213. 

Wand, H., and Ramjee, G. (2012). The effects of injectable hormonal contraceptives on HIV 

seroconversion and on sexually transmitted infections. AIDS 26, 375-380. 

Wang, C., Kang, S.G., Lee, J., Sun, Z., and Kim, C.H. (2009). The roles of CCR6 in migration 

of Th17 cells and regulation of effector T-cell balance in the gut. Mucosal immunology 2, 

173-183. 

Wang, J.H., Janas, A.M., Olson, W.J., and Wu, L. (2007). Functionally distinct transmission 

of human immunodeficiency virus type 1 mediated by immature and mature dendritic cells. J 

Virol 81, 8933-8943. 

Wawer, M.J., Gray, R.H., Sewankambo, N.K., Serwadda, D., Li, X., Laeyendecker, O., 

Kiwanuka, N., Kigozi, G., Kiddugavu, M., Lutalo, T., et al. (2005). Rates of HIV-1 

transmission per coital act, by stage of HIV-1 infection, in Rakai, Uganda. J Infect Dis 191, 

1403-1409. 

Weiler, A.M., Li, Q., Duan, L., Kaizu, M., Weisgrau, K.L., Friedrich, T.C., Reynolds, M.R., 

Haase, A.T., and Rakasz, E.G. (2008). Genital ulcers facilitate rapid viral entry and 

dissemination following intravaginal inoculation with cell-associated simian immunodeficiency 

virus SIVmac239. J Virol 82, 4154-4158. 

Weiss, H.A., Quigley, M.A., and Hayes, R.J. (2000). Male circumcision and risk of HIV 

infection in sub-Saharan Africa: a systematic review and meta-analysis. AIDS 14, 2361-2370. 

White, H.D., Crassi, K.M., Givan, A.L., Stern, J.E., Gonzalez, J.L., Memoli, V.A., Green, 

W.R., and Wira, C.R. (1997). CD3+ CD8+ CTL activity within the human female reproductive 

tract: influence of stage of the menstrual cycle and menopause. J Immunol 158, 3017-3027. 

WHO (2010). WHO Laboratory Manual for the Examination and Processing of Human 

Semen, 5th Edition edn (Geneva, Switzerland: WHO). 

Wichukchinda, N., Kitamura, Y., Rojanawiwat, A., Nakayama, E.E., Song, H., Pathipvanich, 

P., Auwanit, W., Sawanpanyalert, P., Iwamoto, A., Shioda, T., et al. (2007). The 

polymorphisms in DC-SIGNR affect susceptibility to HIV type 1 infection. AIDS Res Hum 

Retroviruses 23, 686-692. 



180 
 

Willey, S., Roulet, V., Reeves, J.D., Kergadallan, M.L., Thomas, E., McKnight, A., Jegou, B., 

and Dejucq-Rainsford, N. (2003). Human Leydig cells are productively infected by some HIV-

2 and SIV strains but not by HIV-1. AIDS 17, 183-188. 

Williams, K.C., Corey, S., Westmoreland, S.V., Pauley, D., Knight, H., deBakker, C., Alvarez, 

X., and Lackner, A.A. (2001). Perivascular macrophages are the primary cell type 

productively infected by simian immunodeficiency virus in the brains of macaques: 

implications for the neuropathogenesis of AIDS. J Exp Med 193, 905-915. 

Winkelstein, W., Jr., Lyman, D.M., Padian, N., Grant, R., Samuel, M., Wiley, J.A., Anderson, 

R.E., Lang, W., Riggs, J., and Levy, J.A. (1987). Sexual practices and risk of infection by the 

human immunodeficiency virus. The San Francisco Men's Health Study. JAMA 257, 321-

325. 

Wira, C.R., and Fahey, J.V. (2008). A new strategy to understand how HIV infects women: 

identification of a window of vulnerability during the menstrual cycle. AIDS 22, 1909-1917. 

Wira, C.R., Fahey, J.V., Sentman, C.L., Pioli, P.A., and Shen, L. (2005). Innate and adaptive 

immunity in female genital tract: cellular responses and interactions. Immunological reviews 
206, 306-335. 

Wiseman, R.W., Wojcechowskyj, J.A., Greene, J.M., Blasky, A.J., Gopon, T., Soma, T., 

Friedrich, T.C., O'Connor, S.L., and O'Connor, D.H. (2007). Simian immunodeficiency virus 

SIVmac239 infection of major histocompatibility complex-identical cynomolgus macaques 

from Mauritius. J Virol 81, 349-361. 

Witvrouw, M., Fikkert, V., Pluymers, W., Matthews, B., Mardel, K., Schols, D., Raff, J., 

Debyser, Z., De Clercq, E., Holan, G., et al. (2000). Polyanionic (i.e., polysulfonate) 

dendrimers can inhibit the replication of human immunodeficiency virus by interfering with 

both virus adsorption and later steps (reverse transcriptase/integrase) in the virus replicative 

cycle. Molecular pharmacology 58, 1100-1108. 

Wolff, H., and Anderson, D.J. (1988a). Immunohistologic characterization and quantitation of 

leukocyte subpopulations in human semen. Fertil Steril 49, 497-504. 

Wolff, H., and Anderson, D.J. (1988b). Male genital tract inflammation associated with 

increased numbers of potential human immunodeficiency virus host cells in semen. 

Andrologia 20, 404-410. 



181 
 

Wolff, H., Mayer, K., Seage, G., Politch, J., Horsburgh, C.R., and Anderson, D. (1992). A 

comparison of HIV-1 antibody classes, titers, and specificities in paired semen and blood 

samples from HIV-1 seropositive men. J Acquir Immune Defic Syndr 5, 65-69. 

Wolters-Everhardt, E., Dony, J.M., Lemmens, W.A., Doesburg, W.H., and De Pont, J.J. 

(1986). Buffering capacity of human semen. Fertil Steril 46, 114-119. 

Wood, C.E. (2008). Morphologic and Immunohistochemical Features of the Cynomolgus 

Macaque Cervix. Toxicologic pathology 36, 119S-129S. 

Wu, L., and KewalRamani, V.N. (2006). Dendritic-cell interactions with HIV: infection and 

viral dissemination. Nature reviews Immunology 6, 859-868. 

Wu, Z., Chen, Z., and Phillips, D.M. (2003). Human genital epithelial cells capture cell-free 

human immunodeficiency virus type 1 and transmit the virus to CD4+ Cells: implications for 

mechanisms of sexual transmission. J Infect Dis 188, 1473-1482. 

Wu, Z., Lee, S., Abrams, W., Weissman, D., and Malamud, D. (2006). The N-terminal SRCR-

SID domain of gp-340 interacts with HIV type 1 gp120 sequences and inhibits viral infection. 

AIDS Res Hum Retroviruses 22, 508-515. 

Xu, C., Politch, J.A., Tucker, L., Mayer, K.H., Seage, G.R., 3rd, and Anderson, D.J. (1997). 

Factors associated with increased levels of human immunodeficiency virus type 1 DNA in 

semen. J Infect Dis 176, 941-947. 

Yanushpolsky, E.H., Politch, J.A., Hill, J.A., and Anderson, D.J. (1995). Antibiotic therapy 

and leukocytospermia: a prospective, randomized, controlled study. Fertil Steril 63, 142-147. 

Yeaman, G.R., Asin, S., Weldon, S., Demian, D.J., Collins, J.E., Gonzalez, J.L., Wira, C.R., 

Fanger, M.W., and Howell, A.L. (2004). Chemokine receptor expression in the human 

ectocervix: implications for infection by the human immunodeficiency virus-type I. 

Immunology 113, 524-533. 

Yoshida, M., Claypool, S.M., Wagner, J.S., Mizoguchi, E., Mizoguchi, A., Roopenian, D.C., 

Lencer, W.I., and Blumberg, R.S. (2004). Human neonatal Fc receptor mediates transport of 

IgG into luminal secretions for delivery of antigens to mucosal dendritic cells. Immunity 20, 

769-783. 

Zacharopoulos, V.R., Perotti, M.E., and Phillips, D.M. (1997). A role for cell migration in the 

sexual transmission of HIV-1? Current biology : CB 7, 534-537. 



182 
 

Zaitseva, M., Blauvelt, A., Lee, S., Lapham, C.K., Klaus-Kovtun, V., Mostowski, H., 

Manischewitz, J., and Golding, H. (1997). Expression and function of CCR5 and CXCR4 on 

human Langerhans cells and macrophages: implications for HIV primary infection. Nat Med 
3, 1369-1375. 

Zambelli, D., and Cunto, M. (2006). Semen collection in cats: techniques and analysis. 

Theriogenology 66, 159-165. 

Zhang, H., Dornadula, G., Beumont, M., Livornese, L., Jr., Van Uitert, B., Henning, K., and 

Pomerantz, R.J. (1998a). Human immunodeficiency virus type 1 in the semen of men 

receiving highly active antiretroviral therapy. N Engl J Med 339, 1803-1809. 

Zhang, L., He, T., Talal, A., Wang, G., Frankel, S.S., and Ho, D.D. (1998b). In vivo 

distribution of the human immunodeficiency virus/simian immunodeficiency virus 

coreceptors: CXCR4, CCR3, and CCR5. J Virol 72, 5035-5045. 

Zhang, L., Ramratnam, B., Tenner-Racz, K., He, Y., Vesanen, M., Lewin, S., Talal, A., Racz, 

P., Perelson, A.S., Korber, B.T., et al. (1999a). Quantifying residual HIV-1 replication in 

patients receiving combination antiretroviral therapy. N Engl J Med 340, 1605-1613. 

Zhang, Z., Schuler, T., Zupancic, M., Wietgrefe, S., Staskus, K.A., Reimann, K.A., Reinhart, 

T.A., Rogan, M., Cavert, W., Miller, C.J., et al. (1999b). Sexual transmission and propagation 

of SIV and HIV in resting and activated CD4+ T cells. Science 286, 1353-1357. 

Zhao, X.Y., Lee, S.S., Wong, K.H., Chan, K.C., Ma, S., Yam, W.C., Yuen, K.Y., Ng, M.H., 

and Zheng, B.J. (2004). Effects of single nucleotide polymorphisms in the RANTES promoter 

region in healthy and HIV-infected indigenous Chinese. European journal of immunogenetics 

: official journal of the British Society for Histocompatibility and Immunogenetics 31, 179-183. 

Zheng, Y., Niyonsaba, F., Ushio, H., Nagaoka, I., Ikeda, S., Okumura, K., and Ogawa, H. 

(2007). Cathelicidin LL-37 induces the generation of reactive oxygen species and release of 

human alpha-defensins from neutrophils. The British journal of dermatology 157, 1124-1131. 

Zhong, P., Agosto, L.M., Ilinskaya, A., Dorjbal, B., Truong, R., Derse, D., Uchil, P.D., 

Heidecker, G., and Mothes, W. (2013). Cell-to-cell transmission can overcome multiple donor 

and target cell barriers imposed on cell-free HIV. PLoS One 8, e53138. 

Zhu, T., Wang, N., Carr, A., Nam, D.S., Moor-Jankowski, R., Cooper, D.A., and Ho, D.D. 

(1996). Genetic characterization of human immunodeficiency virus type 1 in blood and 



183 
 

genital secretions: evidence for viral compartmentalization and selection during sexual 

transmission. J Virol 70, 3098-3107. 

Zuckerman, R.A., Whittington, W.L., Celum, C.L., Collis, T.K., Lucchetti, A.J., Sanchez, J.L., 

Hughes, J.P., and Coombs, R.W. (2004). Higher concentration of HIV RNA in rectal mucosa 

secretions than in blood and seminal plasma, among men who have sex with men, 

independent of antiretroviral therapy. J Infect Dis 190, 156-161. 

  



184 
 

 Summary : 

Semen is one of the major sources of HIV. We characterized the leukocytes subpopulations 

in the semen of cynomolgus macaques infected with SIV as a model of HIV/AIDS. All 

HIV/SIV target cells: CD4+ T cells, macrophages and dendritic cells, are present and can be 

productively infected at all stages of SIV infection. Seminal inflammation correlated with local 

viral shedding, whereas adaptive immune response did not. 
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