
 

Characterizing the effects  

of seminal plasma  

on anti-HIV immune responses 

 

 

Kevin John Selva 

Submitted in total fulfilment of the requirements for the degree of  

Doctor of Philosophy 

 

 

 

 

May 2019 

Department of Microbiology and Immunology 

Faculty of Medicine, Dentistry and Health Sciences 

The University of Melbourne 

Doherty Institute 



 
 

I 
 

Abstract 

Introduction 

Semen — an overlooked aspect in models of HIV-1 infection — not only serves as the 

major vehicle for HIV-1 transmission, but also potently modulates immune responses 

at the mucosa. Here, we have explored the ability of seminal plasma (SP) to modulate 

general as well as anti-HIV-1-specific responses by natural killer (NK) cells, cytotoxic 

T-lymphocytes (CTL), monocytes and neutrophils. These effector cells are potentially 

important for establishing immunity to HIV-1. 

Method 

The effects of SP on “missing-self” and antibody-dependent responses by NK cells 

were explored using healthy PBMCs and uncoated 721.221 cells or rituximab-coated 

721.221 cells, respectively. In-vitro functional assays were performed in the presence 

or absence of HIV-1-uninfected and HIV-1-infected SP. Anti-HIV-1-specific NK cell 

activation and cytolysis were measured by co-incubating healthy PBMCs with gp120-

coated CEM.NKr-CCR5 cells in the presence of anti-HIV-1 immune globulin (HIVIg). 

HIV-1-infected whole blood was stimulated with superantigen Staphylococcus 

enterotoxin B (SEB) or HIV-1 15-mer Gag peptides to study CTL activation. Redirected 

cytolysis through CD3 was assessed using healthy PBMCs and P815 target. 

Activation and cytolysis was assessed utilizing intracellular cytokine staining (ICS) and 

lactate dehydrogenase (LDH) release assays, respectively. The phagocytic potential 

and oxidative burst responses of monocytes and granulocytes were measured in 

healthy whole blood using the PhagoTest and PhagoBurst kits, respectively. The 

RFADCC assay was used to quantify anti-HIV-1 antibody-mediated responses by 

monocytes and purified neutrophils through co-incubation with gp120-coated 
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CEM.NKr-CCR5 cells in the presence of HIVIg. The impact of active HIV-1 or bacterial 

infections on the immunosuppressive capacity of SP was studied using NK cell 

activation assays. Paired SP samples were collected from HIV-1-infected individuals 

pre-ART initiation or during-ART, and during the presence or absence of chlamydia 

and/or gonorrhea infection(s). Finally, through a series of biochemical fractionation 

and mass spectrometry analyses, we narrowed down the suppressive factor(s) 

involved in SP-mediated immune inhibition. 

Results 

SP (1:100 dilution) potently suppressed “missing-self” and antibody-mediated 

activation of NK cells by uncoated 721.221 cells and rituximab-coated 721.221 cells, 

respectively. Likewise, SP (1:1000 dilution) significantly impaired NK cell-mediated 

cytolysis against either uncoated 721.221 cells or rituximab-coated 721.221 cells. This 

inhibition of NK cell activity was observed with both HIV-1-uninfected and HIV-1-

infected SP in a dose-dependent manner. Anti-HIV-1 antibody-dependent NK cell 

activation and cytolysis was potently inhibited by SP (1:100 and 1:1000 dilutions 

respectively). SP (1:100 dilution) also suppressed CTL activation towards both SEB 

and HIV-1 15-mer Gag peptide. T-cell mediated cytolysis was also impaired by the 

presence of SP (1:1000 dilution). In contrast, a higher SP concentration (1:10 dilution) 

was needed to suppress the phagocytic and oxidative burst responses mediated by 

granulocytes. This was also true for phagocytic (SP 1:1) and oxidative burst responses 

(SP 1:10) by monocytes. RFADCC responses by granulocytes and monocytes were 

also only inhibited by SP 1:1. Active HIV-1 or bacterial infection did not impact the 

suppression of NK cells by SP. Lastly, we narrowed down SP factor(s) involved in the 

suppression of NK cells to 15 putative metabolites derived largely from four classes – 
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glycerophosphocholines (GPC), polar metabolites of retinol, polar steroids and polar 

eicosanoids such as prostaglandins. 

Conclusion 

The presented findings highlight that SP may attenuate vaccine-induced effector 

responses upon HIV-1 mucosal exposure. This possibility should be considered for 

HIV-1 vaccine development. Further identification of the factor(s) in SP associated 

with this potent immunosuppression may help with both understanding susceptibility 

to HIV-1 infection and identifying novel immunomodulatory agents.  
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Chapter 1: Introduction 
1.1 Overview of the human immunodeficiency virus (HIV) pandemic 

1.1.1 Brief history of the HIV/AIDS pandemic 

In June 1981, the U.S.A Centers for Disease Control and Prevention 

(CDC) published a report in its Morbidity and Mortality Weekly Report (MMWR) 

describing five unusual cases of Pneumocytis carinii (now renamed jiroveci) 

pneumonia (PCP) appearing in Los Angeles. Despite previously being exclusively 

limited to critically immunosuppressed patients, these cases of PCP involved 

young and previously healthy men with no apparent disposition to 

immunodeficiency [1]. Within the next few months, doctors across America 

reported a surge in Kaposi’s sarcoma – a rare cancer usually afflicting the elderly 

– and other severe opportunistic infections occurring in previously healthy men 

and women aged 15 to 60 [2].  

By the end of 1982, the CDC defined these cases as acquired 

immunodeficiency syndrome (AIDS), and described it as “at least moderately 

predictive of a defect in cell-mediated immunity, occurring in a person with no 

known cause for diminished resistance to that disease” [3]. Researchers had also 

established the link between immunosuppression and the rise of opportunistic 

infections amongst sexually active individuals and intravenous drug users [4].  

As the number of reported cases of AIDS rose rapidly worldwide, including 

initial reports of AIDS in young infants and African migrants, public fears of an 

impending pandemic grew [5-7]. Fortunately, by 1983 researchers would isolate 

a retrovirus – later named human immunodeficiency virus (HIV) – that would be 

shown to be the cause of AIDS [8-10]. Subsequently in 1987, the first antiretroviral 

drug azidothymidine (AZT) – a nucleoside reverse transcriptase inhibitor (NRTI) 
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– was approved by the USA Food and Drug Administration (FDA) for the 

treatment of HIV [11] . 

Unfortunately, a report from Larder et al. in 1989 showed that prolonged 

monotherapy with AZT led to the selection of drug-resistant strains of HIV [12]. 

Furthermore, treatment with high dose AZT was not only poorly tolerated by some 

recipients that displayed serious adverse reactions, but also resulted in a huge 

financial burden [13, 14]. These economic barriers limited aid to Africa where a 

growing wealth of research was finally highlighting the rapid rise in prevalence of 

HIV within the previously overlooked region [15-17]. By 1990, the World Health 

Organization (WHO) had revised its estimate of HIV-infected people to 8-10 

million worldwide, with about half of these individuals living in sub-Saharan Africa 

[18]. 

In 1995, a new class of anti-retroviral drugs – protease inhibitors – was 

introduced to the market [19, 20]. Clinical trials announced at the Vancouver AIDS 

conference showed that combination treatment using protease inhibitors with two 

NRTIs (or two NRTIs with a non-nucleoside reverse transcriptase inhibitor) halted 

HIV replication and prevented the progression to AIDS [21-23]. Through the 

introduction of combination antiretroviral therapy (cART), the number of AIDS 

cases finally began to decline in the industrialized world [24]. In developing 

nations, however, cART was very slow to roll out and the HIV epidemic continued 

to cause substantial morbidity and mortality [25]. 
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1.1.2 Current landscape of the HIV pandemic 

More than three decades since the start of the HIV pandemic, UNAIDS 

estimates that over 35 million people have died from AIDS-related illnesses [26]. 

Encouragingly, the number of AIDS-related deaths that occurred in 2017 

(940,000) was approximately half of the number reported in 2004 at the peak of 

the epidemic (1.9 million) [26]. At present, around 37 million people are living with 

HIV, and more than half are located within eastern and southern Africa [26]. 

Treatment of HIV with cART has been improved, with single tablet and more 

tolerable regimes now available [reviewed in 27]. Although cART continues to 

improve life expectancy amongst HIV-infected individuals, only 59% of all HIV-

infected individuals have access to cART, which costs more than US$21 billion 

globally [28]. Furthermore, despite a downward trend in new infections, there 

were still 1.8 million new infections in 2017. A large majority of all new cases 

occur within key populations in developing regions, such as Africa, eastern 

Europe, central Asia and the Middle East  [26]. Understanding transmission of 

HIV and how to prevent it by vaccination will be a critical step in controlling 

HIV/AIDS infections. 

 

1.2 Biology of HIV-1 

1.2.1 Classification of HIV 

HIV was first isolated from an infected lymph node biopsy by Barré-

Sinoussi et al. in 1983 [8]. HIV is a lentivirus – a genus of retroviruses – with two 

major types, namely HIV-1 and HIV-2 [reviewed in 29]. HIV-1 is more virulent and 

was shown by Gallo et al. (1984) to be the cause of the global AIDS pandemic 

[10]. On the other hand, outbreaks of HIV-2 have been largely isolated to Western 
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Africa [30]. As such, throughout this thesis, the focus of HIV research will be on 

HIV-1. 

 Both HIV-1 and HIV-2 have been shown to be zoonotic viruses closely 

resembling the simian immunodeficiency virus (SIV) and originating from 

chimpanzees (SIVcpz) and sooty mangabeys (SIVsmm), respectively [31, 32]. It 

is believed that shortly after the turn of the century, SIVcpz jumped species and 

infected humans, possibly through hunting, handling or consuming bushmeat in 

Democratic Republic of Congo (DRC) [33, 34].  

HIV-1 can be further classified into 4 distinct lineages – a Major group 

(Group M) responsible for most HIV-1 infections and 3 minor groups, namely N, 

O and P [29]. It is hypothesized that a combination of evolutionary mutations and 

the establishment of improved transport networks in DRC allowed Group M 

viruses to not only transmit more efficiently but also disseminate further, 

eventually cumulating in the global AIDS pandemic [34, 35]. Furthermore, through 

molecular epidemiology, Group M has been categorized into subtypes A through 

K, sub-subtypes and circulating recombinant forms (CRF) [reviewed in 36] [37] 

(Figure 1). 

 

Figure 1. Classification of HIV genotypes and their origins 
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1.2.2 Structural biology of HIV-1 

HIV-1 is a spherical enveloped virus covered with trimeric envelope spikes, 

each comprised of three molecules of glycoprotein (gp) 120 non-covalently linked 

to a stem made from three transmembrane gp41 proteins [38] (Figure 2). A matrix 

shell made from matrix protein p17 lines the inner wall of the virus membrane and 

houses a flexible fullerene capsid cone made from hexamer and pentamer 

assemblies of the capsid protein p24 [39, 40]. This viral capsid in turn houses and 

protects two copies of single-stranded genomic RNA, which is stabilized by the 

nucleocapsid protein p7 [41, 42]. The essential viral proteins reverse 

transcriptase, integrase and viral protease are also packaged within the virion 

[43]. 
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Figure 2. HIV-1 virion and genome structure 

(Diagram of the HIV virion. ©Thomas Splettstößer [https://en.wikipedia.org/wiki/File:HI-virion-structure_en.svg]. CC BY-

SA 4.0) (Structure of the HIV-1 genome. ©Thomas Splettstößer [https://en.wikipedia.org/wiki/File:HIV-genome.png]. CC 

BY-SA 3.0) 

 

1.2.3 Infection cycle of HIV-1 

HIV-1 initiates infection by binding to target host cells [reviewed in 43, 44] 

(Figure 3). The viral envelope binds to CD4 expressed on host cells and 

undergoes a conformational change – opening the closed-configuration of the 

gag polypeptide 

(p17) 

(p7) 

(p24) 
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envelope and allowing co-receptor (i.e. CXCR4 or CCR5) engagement. During 

primary infection, founder viruses are largely CCR5-tropic viruses. As HIV-1 

disease progresses, co-receptor switching commonly occurs, generating 

CXCR4-tropic or CCR5/CXCR4 dual-tropic viruses [reviewed in 45]. Binding to 

the co-receptor triggers the insertion of the gp41 fusion peptide into the host cell 

membrane and stabilizes the fusion pore. Next, the viral capsid cone uncoats and 

unloads the viral genome and essential proteins into the host cell. This triggers 

the viral reverse transcriptase and results in DNA polymerization, forming the pre-

integration complex. Subsequently, the pre-integration complex is shuttled into 

the host cell nucleus, where it is acted upon by the viral integrase enzyme and 

inserted into the host cell genome as an integrated provirus [reviewed in 43, 44]. 

The integrated provirus can produce new virions or remain dormant for years in 

a latent state. 
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Figure 3. HIV-1 infection cycle 

(The HIV replication cycle ©Jordi March i Nogué [https://commons.wikimedia.org/wiki/File:HIV-replication-cycle-en.svg]. 

CC BY-SA 3.0) 

 

The generation of new virions begins when the integrated provirus is 

transcribed by the host RNA polymerase II. These viral mRNAs are then exported 

from the host cell nucleus and translated into viral proteins. After translation, Gag 

polypeptides home to the host cell membrane and trigger virus assembly and 

release. As a new HIV-1 virion buds from the host cell, it acquires its trimeric 

envelope complex and packages its viral genomic RNA and other essential viral 

proteins. Upon budding, the packaged viral protease cleaves the Gag polypeptide 

present within the virion, releasing both the nucleocapsid proteins, which stabilize 
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the viral RNA, and the capsid proteins that assemble into the capsid core 

[reviewed in 43, 44]. 

 

1.3 Immunological factors affecting mucosal transmission of HIV-1 

1.3.1 Overview of HIV-1 sexual transmission at the mucosa 

The main modes of transmission for HIV-1, and similarly HIV-2, are sexual 

contact, contaminated blood products and vertical transmission from mother to 

child – during pregnancy, delivery or breastfeeding [30, 46].  As mucosal 

transmissions account for the large majority of new HIV-1 cases, there is much 

emphasis on better understanding the factors involved in HIV-1 transmission at 

the mucosa [47]. 

After initial penetration through the mucosal lining, HIV-1 encounters and 

directly infects susceptible CD4+ target cells [reviewed in 48]. Notably, several 

different types of immune cells present at the mucosa express both CD4 and co-

receptors conducive to HIV-1 infection, including T cells, dendritic cells (DC) and 

macrophages [49-51]. Studies in both SIV-infected macaques and HIV-1-infected 

individuals, however, have demonstrated a preferential bias for productive 

infection of resting and activated CD4+ T cells during the early phase of infection 

[52, 53]. Studies with juvenile and adult macaques have also found significant 

correlations between susceptibility to SIV infection and the availability of CD4+ 

CCR5+ T cells at the mucosa [54].  

Alternatively, transmitted HIV-1 can also undergo trans-infection by 

binding to scavenging antigen-presenting cells (APC) in the mucosal stroma, 

such as DCs and macrophages [55]. HIV-1 can be captured by immature DCs, 
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such as Langerhans cells, located throughout the mucosal tissue via DC-SIGN-

dependent or Siglec-1-dependent mechanisms. The captured HIV-1 escapes 

degradation within the DC and is instead retained in a virus-containing 

compartment connected to the cell surface. The DCs then traffic to the lymph 

nodes or lymphoid follicles along the mucosa where they interact with uninfected 

CD4+ T cells. The subsequent formation of the DC-T-cell infectious synapse 

facilitates the transfer of the bound HIV-1 from the DC to the uninfected CD4+ T 

cell, resulting in trans-infection [reviewed in 56]. Similarly, Hammonds et al. 

(2017) recently showed that HIV-1 uptake by macrophages through Siglec-1 

resulted in the formation of compartments containing undegraded virions that 

could subsequently trans-infect CD4+ T cells upon interaction [57]. Once infected, 

the CD4+ T cell transmits HIV-1 to neighboring resting CD4+ T cells through cell-

to-cell transmission, expanding the infected pool of cells and establishing the 

latent reservoir [58]. This productive infection of HIV-1 in resting and activated 

CD4+ T cells at the mucosa disseminates along the lymphatic system to distal 

lymphoid organs and contributes to the depletion of the host’s CD4+ T cells [59]. 

New HIV-1 infections can be linked back to a single or limited number of 

transmitted founder (TF) viruses [60]. Phenotypic analysis of TF HIV-1 viruses 

revealed these viruses  exhibit an increased likelihood of DC capture and a higher 

efficiency of trans-infecting CD4+ T cells, as compared to viruses obtained from 

individuals with chronic disease [61]. Furthermore, research from Peters et al. 

(2015) showed TF R5-tropic viruses were selectively more efficient at infecting 

CD4+ T cells as compared to primary macrophages in ectocervical explants [62]. 

Taken together with the inefficient rate of sexual transmission of HIV-1 (Table 1), 

these findings suggest a bottleneck at the mucosa barrier preventing effective 
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HIV-1 transmission [63]. In the following sub-sections, we will discuss how 

various immunological factors present at the mucosa (either naturally or following 

induction by vaccination) can impact the mucosal transmission of HIV-1. 

 

Parenteral exposure 

 

Blood Transfusion 92.50% 

Needle-sharing injection drug use 0.63% 

Percutaneous needle stick 0.23% 

Sexual exposure 

 

Receptive anal intercourse 1.38% 

Insertive anal intercourse 0.11% 

Receptive penile-vaginal intercourse 0.08% 

Insertive penile-vaginal intercourse 0.04% 

Receptive oral sex Low 

Insertive oral sex Low 

Vertical transmission 

 Mother-to-child transmission 22.55% 
 

Table 1. Estimated per-act probability of acquiring HIV from an infected source, by 

exposure route.  

Adapted from Patel et al. Estimating per-act HIV transmission risk: a systematic review. AIDS, 2014. 

28(10): p. 1509-19. Table 1 [63]. 

 

1.3.2 Impact of humoral immunity 

A major immunological component present at the mucosa is the humoral 

arm of the immune system. Correlation analyses of the RV144 vaccine trial 

highlighted that HIV-1 specific non-neutralizing antibodies, particularly those 
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binding to the V1/V2 loop of the envelope spike, could confer partial protection 

from HIV-1 [64]. A secondary analysis revealed that the fragment crystallizable 

(Fc)-dependent functions of vaccine-induced antibodies might have contributed 

to vaccine-conferred protection. In addition, the RV305 trial – a follow-up study 

using RV144 vaccine components – showed that gp120-specific IgG could be 

detected in semen as well as vaginal and rectal secretions of vaccine recipients 

following intramuscular immunizations [65]. As such, in the presence of these 

vaccine-elicited anti-HIV-1 antibodies, Fc receptor-expressing effector cells along 

the mucosa might contribute to protection through antibody-dependent cellular 

responses [66-69]. These responses will be elaborated upon in the subsequent 

sub-sections. 

Following HIV-1 infection, anti-HIV-1 antibodies can also develop in the 

blood and various mucosal secretions involved in sexual transmission, such as 

semen, vaginal and rectal fluids [70-72]. Parsons et al. (2016) previously 

demonstrated that HIV-1-specific antibodies in seminal plasma (SP) could 

mediate antibody-dependent cellular cytotoxicity (ADCC) responses in vitro [72]. 

As such, we have previously speculated that HIV-1 specific antibodies present in 

the semen deposited by a HIV-1-infected individual could potentially be “used” by 

effector cells within HIV-1-negative sexual partners to mount ADCC responses at 

the mucosa [72]. Further characterization of the HIV-1-specific antibodies present 

in HIV-1-infected SP will be described in Chapter 4. 

In addition to non-neutralizing antibodies, researchers have also isolated 

several neutralizing antibodies that exhibit potent activity both within and across 

various subtypes of HIV-1 [reviewed in 73]. These antibodies are termed broadly 

neutralizing antibodies (bNAbs), and passive infusions of these antibodies 
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protects macaques from simian/human immunodeficiency virus (SHIV) challenge 

[74-79]. It has been shown that protection conferred by at least some bNAbs 

involves the elicitation of Fc-mediated functions against virions and/or infected 

cells [reviewed in 80] [81]. 

Besides IgG, mucosal surfaces are also enriched in secretory IgA. 

Analyses of the RV144 trial had previously suggested that vaccine-induced 

plasma IgA attenuated IgG-induced Fc-mediated NK cell functions by competing 

for envelope epitopes [82]. However, recent findings by Wills et al. (2018) 

revealed that vaccine-induced HIV-1-specific IgA isolated from plasma cells might 

provide protection by preventing the binding of HIV-1 to galactosylceramide and 

triggering Fc-dependent phagocytosis [83]. ]. As the activity of IgA found in the 

blood might not accurately represent that of secretory IgA found at the mucosa, 

this gap in knowledge should be explored. 

Recent research has also highlighted the protective potential of IgM. Gong 

et al. (2018) showed that passive immunization of macaques with SHIV-specific 

IgM was protective against high-dose intrarectal SHIV challenge [84]. Similarly, 

Devito et al. (2018) demonstrated in-vitro that anti-HIV-1 IgM could prevent the 

transcytosis of HIV-1 virions across the human epithelial cells [85]. 

 

1.3.3 Impact of natural killer (NK) cells 

As a key component of the innate immune system, natural killer (NK) cells 

are not only resident in various mucosa tissues, but also rapidly recruited from 

circulation to the mucosa surface during acute viral infection [86-88]. This has 

also been demonstrated in macaques during acute SIV infection, in which NK 
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cells are rapidly recruited to the female reproductive tract (FRT) following vaginal 

challenge [89]. Supporting this, Alter et al. (2007) showed that in HIV-1-infected 

individuals NK cell activity preceded the induction of anti-viral cytotoxic CD8+ T 

lymphocyte (CTL) responses [90]. 

Following infection of a susceptible target cell, HIV-1 downregulates the 

major histocompatibility complex class  I (MHC-I or HLA-I) molecules expressed 

on the cell surface to evade killing by CTLs [91]. This loss of MHC class I 

expression, however, is detected by NK cells which mount “missing-self” 

responses, resulting in direct NK cell activation and cytolysis [92, 93]. 

Interestingly, some strains of HIV-1 have evolved to selectively downregulate 

surface expression of both HLA-A and HLA-B, but leave HLA-C expression on 

the surface of infected cells to varying degrees, to evade killing by both NK cells 

and CTLs [93]. 

Direct activation of NK cells through “missing self” responses can be 

robustly demonstrated in vitro by co-incubating NK cells with the 721.221 cell line 

– a B-cell line deficient in MHC-I expression – and measuring the intracellular 

expression of interferon gamma (IFNγ) in NK cells by flow cytometry [94]. 

Likewise, the direct cytolysis of 721.221 cells by NK cells can be measured by 

assessing the levels of lactate dehydrogenase (LDH) released into the media 

following co-incubation of target and effector cells using the CytoTox 96 non-

radioactive cytotoxicity assay (Promega, USA). These assays are used in 

Chapters 2, 4 and 5 to measure “missing self” responses mediated by NK cells.  

In addition to direct functions, NK cells also mediate Fc-mediated functions 

by interactions with antibody-coated target cells, resulting in antibody-dependent 
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activation and ADCC. These responses can be mimicked in-vitro by co-incubating 

NK cells with 721.221 cells – a B-cell line expressing CD20 – coated with anti-

CD20 antibody (Rituximab). Levels of NK cell activation and cytolysis can be 

determined by measuring the levels of intracellular IFNγ or released LDH, as 

described above. Our group has previously demonstrated that NK cells can 

mediate in vitro HIV-1-specific ADCC through anti-HIV-1 antibodies found in both 

blood plasma and semen [72]. These HIV-1-specific antibody-mediated functions 

can be studied in vitro by co-incubating NK cells with CEM.NKr-CCR5 cells – a 

CD4+ T cell line – pulsed with recombinant HIV-1 envelope protein, such as 

gp120, in the presence of sources of HIV-1 specific IgG [94]. These assays are 

used in Chapters 2, 4 and 5 to measure antibody-dependent functions elicited by 

NK cells. 

 

1.3.4 Impact of phagocytes 

Another component of the innate immune system present at the mucosa 

are phagocytes – which include DCs, neutrophils and macrophages. Both 

neutrophils and macrophages are present throughout mucosa surfaces and have 

been shown to mediate anti-HIV-1 responses through antibody-dependent 

phagocytosis (ADP) [67-69, 95]. In this thesis, we studied the general phagocytic 

and subsequent oxidative burst responses of these phagocytes against an 

opsonized foreign pathogen, Escherichia coli (E. Coli). This was done using the 

PhagoTest and PhagoBurst kits (Glycotope Biotechnology GmbH, Germany), 

respectively. These data are described in Chapter 3. 
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Notably, Gach et al. (2017) demonstrated that the efficiency of HIV-1 

specific ADP mediated by macrophages was linked to the amount of surface 

antigen presented. As such, macrophages mediated poor ADP responses 

against free HIV-1 virions, which naturally have a lower abundance of envelope 

glycoproteins as compared to other viruses such as influenza. Macrophages, 

however, mediated strong ADP responses against antigen-coated target cells 

[96]. In this thesis, we also studied antibody-mediated responses of both 

neutrophils and monocytes in vitro against antigen-coated target cells through the 

rapid and fluorometric antibody-dependent cellular cytotoxicity (RFADCC) assay, 

which uses gp120-pulsed CEM.NKr-CCR5 cells in the presence of HIV-1 specific 

IgG. This will be discussed in Chapter 3. 

 

1.3.5 Impact of cytotoxic CD8+ T lymphocytes (CTL) 

Adaptive immune cells present at the mucosal, particularly those induced 

following vaccination, may also protect the host from invading pathogens. 

Uninfected APCs can internalize, degrade, process and present HIV-1 antigens 

to T cells, in turn priming anti-HIV-1 CTLs [97]. Once induced, anti-HIV-1 CTLs 

mediate potent anti-HIV-1 responses by killing HIV-1-infected cells displaying 

viral peptides on their MHC class I molecules or suppressing viral activity through 

the release of soluble factors.  

Within this thesis, we quantify in vitro CTL responses induced through 

superantigen Staphylococcus enterotoxin B (SEB) activation by measuring CD8+ 

IFNγ responses. Subsequently, HIV-1-specific responses are studied using a set 

of overlapping 15-mer Gag peptides. Finally, levels of CTL-mediated killing were 
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measured via LDH release after co-incubation of PBMC with P815 cells – a mast 

cell line expressing Fc-receptor – in the presence of anti-CD3 antibodies to 

induce reverse cytolysis. These experiments are described in Chapter 2.  

HIV-1-specific CTLs can control HIV-1 replication in a range of infected 

cell types, and studies have demonstrated enhanced HIV-1-specific CTL 

functionality in HIV-1-infected non-progressors compared to normal progressors 

[98, 99]. Furthermore, in addition to the above mentioned immunological factors, 

the local mucosal environment can also impact the transmission of HIV-1, as 

discussed in the following section.  

 

1.4 Impact of mucosal environment on transmission of HIV-1 

1.4.1 Impact of the mucosal epithelial barrier 

As previously mentioned, new HIV-1 transmissions largely occur following 

viral exposure at the mucosa [47]. Hence, much emphasis has been placed on 

better understanding how the mucosal environment influences HIV-1 

transmission. A common feature of different mucosal environments, including the 

penile foreskin, rectum and FRT, is the presence of a relatively impermeable 

epithelial layer that protects against invading foreign pathogens.  

It is generally thought that the stratified epithelial layers and associated 

tight junctions, such as those found in the vaginal tract and penile foreskin are 

not readily permissive to HIV-1 infection [reviewed in 100, 101, 102]. As such, 

HIV-1 transmission have been thought to occur in regions of simple columnar 

epithelium, such as the endocervix, endometrium and rectum, or in cases when 

the stratified epithelial layer is compromised due to open wounds from infection 
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or physical trauma. Several groups, however, have demonstrated that HIV-1 can 

also efficiently penetrate squamous epithelial barriers through diffusive 

translocation across the mucosal epithelium [102-104].  

The mucosal epithelium can also react to the HIV-1 viral envelope through 

toll-like receptors (TLR) 2 and 4, triggering the release of pro-inflammatory 

cytokines to recruit innate immune cells to limit the infection [105]. However, this 

could be a double-edged sword as the pro-inflammatory response could 

potentially recruit more activated CD4+ T cells to the site of infection, increasing 

the pool of target cells. 

In addition to the epithelium, each of the three major mucosal surfaces, 

across which sexual transmission of HIV-1 occurs, have unique characteristics 

and risk factors that will be discussed below. 

 

1.4.2 HIV-1 transmission at the penile foreskin 

The inner penile foreskin is a common route of HIV-1 infection, particularly 

for heterosexual men. Several studies done in vitro using inner foreskin explants 

or polarized 3D cultures constructed with primary foreskin cells have shown that 

both DCs and macrophages can interact with and capture HIV-1 virions at the 

stratified epithelium of the foreskin, particularly virions present at the inner 

foreskin [103, 104, 106]. Importantly, recent work by both Zhou et al. (2018) and 

Real et al. (2018) highlighted the importance of virological synapses in mediating 

cell-associated HIV-1 transmission at the foreskin [104, 107]. HIV-1-infected 

CD4+ T cells form viral synapses at the foreskin epithelium and shed HIV-1 

virions, which transcytose across the epithelium and subsequently infect stromal 

macrophages [104]. Viral synapses formed between HIV-1-infected CD4+ T cells 
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and foreskin keratinocytes also induce the secretion of thymic stromal 

lymphopoietin (TSLP), which drives the relocation of Langerhan cells and T cells 

towards the epidermis [107]. This is significant as a much larger population of T 

cells present at the foreskin express CCR5, as compared to T cells within 

peripheral blood mononuclear cells (PBMC) [108].  

Male circumcision has been an effective means of reducing the risk of HIV-

1 acquisition by more than 50% in southern and eastern Africa [109-111]. At 

present, it is thought that this reduction could be linked to the removal of target 

cells or dampened local immune activation at the sub-preputial region following 

circumcision [reviewed in 112]. In addition, it has been suggested that this 

protective effect could be linked to the drastic change in the microbiome present 

at the coronal sulcus, with a marked decrease in putative anaerobes observed 

following circumcision [113]. Indeed, Liu et al. (2017) found that the presence of 

anaerobic dysbiosis at the coronal sulcus of uncircumcised men increased the 

risk of HIV-1 acquisition significantly [114].  

 

1.4.3 HIV-1 transmission at the rectal tract 

Carrying the highest risk of HIV-1 transmission per sexual act, anal 

intercourse is the major route of transmission among men who have sex with men 

(MSM). In recent years, anal intercourse has also become increasingly prevalent 

amongst heterosexual couples worldwide [115-118].  

As the rectal tract is lined by simple columnar epithelium, it is thought that 

the rectum should be more susceptible to HIV-1 transmission, particularly after 

injury. Indeed, Kelley et al. (2017) detected subclinical injury to the rectal mucosa 
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amongst MSM following receptive anal intercourse [119]. In addition, receptive 

anal intercourse with semen deposition also elicited distinct proinflammatory 

responses in the rectal tissue characterized by elevated levels of T-helper 17 

(TH17) cells – preferential targets during acute HIV-1 infection  [119, 120]. 

Similar to the penile foreskin, the gut microbiome has been linked to HIV-

1 susceptibility. Sui et al. (2018) recently identified that significantly decreased 

ratios of Bacteriodes to Prevotella and reductions in Firmicutes levels inversely 

correlated with increased activation at the rectal mucosa, and ultimately 

influenced rhesus macaque susceptibility to intrarectal SHIV challenge [121]. 

 

1.4.4 HIV-1 transmission at the female reproductive tract (FRT) 

Compared to the rectum and the penile foreskin, our understanding of HIV-

1 transmission at the FRT is more defined thanks to a wealth of macaque studies 

and reproductive research. CD4+ T cells, as well as DC and macrophages, are 

present throughout the lower FRT, namely the vagina and ectocervix. On the 

other hand, CD4+ CCR5+ T cells, as well as DC-SIGN+ dendritic cells, Langerhans 

cells and macrophages are present within or adjacent to the epithelium of the 

uterine lumen [55, 122]. Studies done in macaques have shown that following 

vaginal challenge SIV can cross the vaginal mucosa within one hour, and SIV-

infected cells can be found in the draining lymph nodes by 18 hours [123]. 

Additionally, in vitro explant infection models have demonstrated successful HIV-

1 infection of both ectocervical and endocervical tissues [62, 102].  

Macaque models have also shown that progesterone implants used for 

hormonal contraception enhanced the vaginal transmission of SIV [124]. 
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Likewise, Kersh et al. (2014) observed an increased vulnerability to SHIV 

infection amongst pigtail macaques associated with the high-progesterone period 

during the menstrual cycle [125]. Taken together, these data suggest that the 

thinning of the vaginal epithelium, because of increased progesterone levels, 

could increase susceptibility to HIV-1. 

Similar to the foreskin and rectal environments, the microbiome of the FRT 

affects HIV-1 susceptibility [reviewed in 126]. Women with vaginal dysbiosis (VD) 

have an increased risk of not only acquiring HIV-1, but also transmitting HIV-1 to 

their partners [127, 128]. Deviation from healthy vaginal microbiota, resulting in 

VD, also puts women at risk of other STIs, such as chlamydia and gonorrhea 

[129]. This increased susceptibility to vaginal infection is associated with a rise in 

vaginal pH and reduction in vaginal lactobacilli [reviewed in 130]. Notably, a study 

by Gosmann et al. (2017) found that individuals with diverse genital bacterial 

communities dominated by anaerobes and reduced populations of Lactobacillus 

crispatus were at higher risk of acquiring HIV-1 [131]. Moreover, Aldunate et al. 

(2013) demonstrated that L-lactic acid, produced by lactobacilli, was critical in 

maintaining optimal vaginal pH, and effective in rapidly inhibiting HIV-1 TF stains 

[132]. 

Finally, the FRT contains several unique populations of resident immune 

cells that react to both hormonal changes and the presence of semen to promote 

a tolerogenic environment. Uterine NK cells (uNK) are largely CD56bright/CD16- 

and highly granulated. These uNK cells increase in number during the late 

secretory phase of the menstrual cycle and are critical in the early preparation for 

pregnancy. Unlike CD56dimCD16+ circulating NK cells, they have limited 

cytotoxicity and mainly produce cytokines and immune factors upon stimulation, 
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such as transforming growth factor beta (TGF-β) and IFNγ, to finely balance 

immune enhancement and suppression at the uterus [reviewed in 133, 134].  

Uterine macrophages are usually present in the FRT of non-pregnant 

women, and fluctuate with the menstrual cycle. Similar to uNK cells, uterine 

macrophages are largely of the M2 phenotype and typically more 

immunomodulatory [reviewed in 133]. CD4+ regulatory T (Treg) cells are also 

found along the upper and lower FRT and are rapidly recruited and primed 

following exposure to semen [135] [reviewed in 136]. These activated Treg cells 

promote immunotolerance at the FRT during pregnancy.  

 

1.4.5 Impact of concurrent mucosal infections 

In addition to tissue specific environmental factors, local infections present 

at the mucosa can also impact the transmission of HIV-1. Interestingly, 

epidemiological studies have demonstrated that both ongoing ulcerative and non-

ulcerative sexually transmitted infections (STI) increase the risk of HIV-1 

transmission over 3-fold [137]. Population studies on herpes simplex type-2 

(HSV-2) revealed an increased HIV-1 incidence amongst HSV-2 seropositive 

individuals [reviewed in 138]. This increased susceptibility to HIV-1 may be linked 

to both loss of mucosal integrity and/or increased CD4+ T cell recruitment and 

activation at the mucosa. Supporting this, Koning et al. (2005) observed that high-

risk individuals with overall low-levels of CD4+ T cell activation and proliferation 

to infectious stimuli were more resistant to HIV-1 seroconversion [139]. Buckner 

et al. (2016) also demonstrated that infecting endocervical epithelial monolayers 

with chlamydia enhanced the transmigration of cell-associated HIV-1, but not cell-
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free viruses [140]. The mechanism of this observed enhancement was not 

explored.  

 

1.5 Current therapeutic and vaccine landscape for HIV-1 

1.5.1 Current therapeutic approaches for HIV-1 

At present, management of HIV-1 infection involves adherence to cART to 

control viremia.  Approximately 81% of those on treatment achieve viral 

suppression [26]. Treatment also protects pregnant women living with HIV-1 from 

transmitting HIV-1 to their babies [26]. Additionally, recent landmark studies 

involving HIV-1 serodiscordant couples have highlighted the effectiveness of 

treatment as prevention (TasP) as an important strategy in stemming the HIV-1 

epidemic. The HPTN 052 trial demonstrated that early cART was effective in 

preventing transmission events amongst heterosexual couples [141]. Since then, 

the PARTNER 1 and the Opposites Attract studies have corroborated these 

findings – that condomless sex between heterosexual couples or MSM while 

having an undetectable viral load is safe from HIV-1 transmission [142, 143]. 

 Furthermore, individuals exposed to HIV-1, through unprotected sexual 

activities, injection drug use or needle-stick injuries, can enroll for a 28-day course 

of cART as a means of post-exposure prophylaxis (PEP) [144]. Taken promptly 

after HIV-1 exposure PEP could significantly reduce an individual’s risk of 

acquiring HIV-1. Another strategy in the HIV-1 prevention arsenal is pre-exposure 

prophylaxis (PrEP). Individuals at risk of HIV-1 transmission can enroll for a daily 

PrEP regimen – a fixed dose combination pill of two antiretroviral drugs, namely 

Tenofovir and Emtricitabine. Strict daily adherence to PrEP has been shown to 
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greatly reduce the risk of HIV-1 acquisition amongst heterosexual couples as well 

as high risk populations of MSM [145, 146].  

Despite the greatly diminished risk of HIV-1 acquisition with strict 

adherence to PrEP, some users of PREP have been observed to exhibit 

increased risky sexual behaviors. Traeger et al. (2018) recently associated the 

prevalence of PrEP use with the recent spike in newly acquired STIs, such as 

chlamydia, gonorrhea and syphilis. More importantly, PrEP users were also more 

inclined to have HIV-1-positive and unknown-status sex partners, as well as 

engage in condomless sex [147, 148]. Holt et al. (2018) even found an increase 

in condomless anal intercourse with casual partners amongst non-PrEP users 

[149].  

The efficacy of PrEP is dependent on the user’s adherence. As such, there 

are concerns that risky behaviors could offset the additional layer of protection 

conferred by PrEP on high-risk population groups, increasing the individuals’ risk 

of acquiring HIV-1 during periods of prolonged lapses of their PrEP regime. As 

such, there is a need to better understand the factors affecting HIV-1 transmission 

during condomless sex, one of which is the presence of semen. This will be 

explored in the following sections and Chapters. 

 

1.5.2 Approaches in HIV-1 vaccine design 

While cART and prevention strategies such as PrEP and TasP may limit 

the number of new HIV-1 infections in the developed world, a prophylactic 

vaccine is still needed to curtail the HIV-1 epidemic worldwide. As most HIV-1 

transmissions occur via sexual exposure at the mucosa, it is thought that the 
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effective induction of local humoral and/or cellular immune responses is critical to 

the generation of sterilizing immunity.  

This hypothesis has been largely substantiated by success observed in 

vaccine-mediated protection in animal studies. The induction of CTLs via 

vaccination in non-human primate (NHP) models confers protection against 

subsequent mucosal SIV challenges [150, 151]. Several studies by Parren and 

Hessell et al. (2001; 2007; 2009; 2012) also demonstrated that intravenous 

administration of broadly neutralizing antibodies (bNAbs) protected macaques 

against mucosal challenges with SHIV [74, 81, 152, 153]. Importantly, bNAb 

interactions with Fc-receptors may be necessary for this protection [81]. These 

findings were echoed by Bournazos et al. (2014) who showed in vivo using 

humanized mice that the potency of anti-HIV-1 bNAbs was associated with the 

preferential engagement of activating FcγRs [154]. Taken together, these studies 

highlight the importance of both the humoral and cellular arms of the immune 

system in providing sterilizing immunity.  

Despite the generation of promising mucosal immunity data in NHP 

models, success in human clinical trials has been limited [155-159]. The 

HVTN502/STEP trial, which used an adenovirus 5 (Ad5)-vector housing three 

HIV-1 proteins, Gag, Pol, and Nef, was designed to confer protection by eliciting 

anti-HIV-1 CTL responses. The trial, however, was stopped early due to higher 

incidences of HIV-1 infection amongst vaccinees, thought to be attributed to an 

increased activation and proliferation of CD4+ T cells [158, 160]. Efficacy trials 

using recombinant gp120 to induce antibody responses also failed to confer 

protection against HIV-1 infection [157, 161].  
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The most notable efficacy trial is the RV144 trial in Thailand, which used a 

canary poxvirus vector housing 3 HIV-1 proteins, Gag, Pol and Nef, as a prime 

(ALVAC). Subsequently, booster shots containing ALVAC and a recombinant 

gp120 envelope based off subtypes B and AE were given to vacinees. The trial 

displayed modest efficacy by providing partial protection from infection and 

highlighted non-neutralizing antibodies targeting the V2 loop as a correlate of 

protection [64, 162].  

Despite multiple setbacks, the worldwide pursuit for the elusive HIV-1 

vaccine continues. The on-going HVTN702 efficacy study in South Africa is 

designed to confirm and extend the partial protection observed in the RV144 Thai 

trial. Researchers are using both a stronger adjuvant and an additional booster 

shot at the one-year mark to hopefully generate a prolonged and robust immune 

response [163]. Importantly, the envelope protein subunit vaccine was also 

modified to a subtype C envelope – the predominant HIV-1 subtype in South 

Africa [163, 164]. Another on-going efficacy trial in sub-Saharan Africa is the 

HVTN705 (Imbokodo) study [165]. This study uses an adenovirus 26 (Ad26) 

vector containing mosaic HIV-1 envelope antigens and a subtype C gp140 boost, 

in hopes that a “mosaic” vaccine would confer protection against a wider range 

of HIV-1 subtypes through antibody and cellular responses. 

Research within the last few years have also highlighted the potential of 

bNAbs in protecting against HIV-1 transmission. Lineage analyses of bNAb 

VRC01 and CH505 have provided valuable insights into HIV-1-specific antigens 

involved in affinity maturation [166, 167]. Gardner et al. (2015) also demonstrated 

that inoculating NHPs with an adeno-associated virus (AAV)-based gene-therapy 

vector elicited the stable expression of HIV-1 bNAbs [168]. In addition, 2016 saw 
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the start of the antibody-mediated prevention (AMP) studies – two new 

multinational clinical trials assessing the efficacy of intravenously delivered 

VRC01 for protection against HIV-1 infection in humans [169, 170].  

 

1.5.3 Limitations of experimental models 

Animal models and in vitro experiments have allowed researchers to better 

understand HIV-1 transmission and measure the safety and efficacy of both 

treatment and vaccine regimens. Despite these advantages, there are limitations 

with the experimental models used in HIV-1 research that could hinder the 

translation of preclinical leads to successful human clinical trials. Of note is that 

while most transmissions of HIV-1 occurs during sexual activity between 

heterosexual couples or MSM in the presence of semen, HIV-1 transmission 

models are largely done in the absence of either semen or SP [171].  

While this experimental limitation can generally be remedied, semen is 

often disregarded as being simply a vehicle of transfer during viral transmission. 

Indeed, semen is often substituted by other solvents such as PBS. However, 

several preliminary studies have shown that semen or semen-derived factors 

might directly enhance HIV-1 infectivity and possibly facilitate infection following 

low-dose challenges [172, 173]. This enhancement of HIV-1 infection following 

low-dose challenges could help to better recapitulate transmission events 

observed in human cases, where the number of TF viruses is small [reviewed in 

174]. In addition, semen is known to play a critical role at the FRT by promoting 

a tolerogenic environment, which could potentially impact HIV-1 transmission at 
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the mucosa. The wide influence of semen on the mucosa will be explored in the 

following sections. 
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1.6 Impact of semen on the mucosal tract 

1.6.1 Constituents of semen 

Semen is a complex cocktail, containing not just spermatozoa and 

components critical for their motility and survival, but also a variety of different 

immunomodulatory constituents that come together to prime the FRT for 

successful implantation [reviewed in 136, 175, 176] [80, 177] (Table 2). These 

factors include large lipid vesicles, such as exosomes and prostasomes, which 

can interact and fuse with recipient cells, as well as smaller lipid compounds, such 

as phospholipids, lysophosphatidyl serine and linolenic acid. There are also wide-

acting steroid hormones, such as testosterone and estradiol, alongside with 

hormone-like molecules, such as prostaglandin E (PGE) [reviewed in 136, 175, 

176] [177].  

Several large peptides are also present in semen and can be cleaved to 

form multiple active components, such as semenogelin-I and –II. Cleavage of 

semenogelin-I and -II lead to the formation of antibacterial products, and semen-

derived enhancer of viral infection (SEVI), which results in the development of 

amyloid fibrils and modulates HIV-1 infection in vitro. In addition, semen also 

contains a wide range of cytokines and chemokines such as TGF-β, as well as 

soluble factors such as soluble CD52, and CD38, which can differentially 

modulate and recruit cells to the mucosa. 
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Biochemical class / molecule: Size: 

Lipids / Steroids 

 

Prostasomes / Exosomes 40-500nm 

Lyosophosphatidyl serine 0.53kDa 

Prostaglandin E 0.35kDa 

Testosterone 0.29kDa 

Linolenic acid 0.28kDa 

Estradiol 0.27kDa 

Proteins 

 Average IgG antibodies ~150kDa 

 

Semenogelin I and II fragments <60kDa 

Soluble CD38 ~30kDa 

TGF-β (Latent, active) 25kDa, 12-14kDa 

Soluble CD52 ~15-20kDa 

Average cytokines 6-70kDa 

Average chemokines 8-10kDa 

Others 

 Ions (Zn2+, Ca2+, Mg2+) <0.10kDa 
Table 2. Class and size summary of the major constituents in SP. 

 

Semen may act as a vehicle of transfer and carry various foreign 

pathogens such as bacteria and viruses. Furthermore, semen can contain various 

immune cells, that can carry pathogens, as well as antibodies that can potentially 

be utilized to mount Fc-mediated responses [reviewed in 136, 175, 176] [72, 178].  

Taken together, semen contains a complex array of factors that can affect 

a wide range of targets. This is elaborated upon in the following sub-sections. In 

addition, research reported in Chapter 5 aims to narrow down the potential 

candidates present in SP that potently inhibit anti-HIV-1 cellular responses. 
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1.6.2 Role of semen in promoting fertility 

The impact of semen on the mucosal tissue at the FRT is well-defined in 

the study of reproductive biology. Although studies across mammalian species 

have found differences in the site of semen deposition due to the anatomical 

differences in FRT, the functional role of SP in priming the FRT for reproductive 

success is largely conserved [179]. The presence of SP has also been observed 

to improve the outcome of in vitro fertilization (IVF), by promoting embryo 

implantation to the FRT [reviewed in 180]. In line with human observations, in vivo 

experiments in mice have also shown that exposure to SP inhibits the rejection 

of paternal tumor cells and that repeated semen exposures builds up pregnancy 

tolerance [135, 181]. Not surprisingly, women who had a shorter duration of 

sexual relationship with the biological father, in which they were exposed to 

semen, more commonly developed preeclampsia and other complications during 

pregnancy [182]. The following sub-sections will discuss in detail the effects of 

semen/SP on various cells present at the mucosa, particularly the FRT – the 

focus of reproductive research. 

 

1.6.3 Impact of SP on epithelial cells lining the FRT 

Following deposition during coitus, semen first encounters the epithelial 

cells lining the mucosal tissue. Cervical tissue biopsies collected from women 

after semen exposure during coitus showed altered mRNA profiles of cytokine 

and chemokine expression. These changes in pro-inflammatory cytokines and 

chemokines were associated with the rapid recruitment of various immune cells, 

such as neutrophils, macrophages, DC and lymphocytes [183]. Further in vitro 

studies demonstrated that the presence of TGF-β in SP triggered the expression 



 
 

33 
 

of pro-inflammatory cytokines and chemokines in cervical epithelial cells [184]. In 

addition, the presence of TGF-β and bacterial lipopolysaccharide (LPS) in SP 

induced cervical epithelial cells in vitro to produce activin A – a potent regulator 

of cell growth and differentiation [185]. This is supported by studies in mice that 

showed TLR4, which recognizes LPS, is critical for immunomodulation of the 

endometrium following exposure to SP [186]. 

 

1.6.4 Impact of SP on T cells 

The pro-inflammatory nature of SP also influences the T cell profile present 

at the human FRT through rapid recruitment of immune cells. Sharkey et al. 

(2012) showed using human cervical explants that the deposition of semen during 

coitus rapidly recruited CD3+ T cells to the cervix, especially CD8+ CTLs. In 

addition, the complexity of SP allows it to modulate the overall pro-inflammatory 

response at the FRT. SP is rich in PGE, TGF-β and soluble CD38, all of which 

are potent inducers of Tregs [reviewed in 176]. Notably in mice, repeated 

exposure to semen correlated with the local accumulation of CD4+ Tregs along 

the FRT [135].  

SP has been known to directly suppress T cell activation [187]. The 

presence of SP suppressed the generation of CTLs and dampened CTL 

responses against mitogens and natural antigens (Candida albicans) [188]. 

Prostaglandins in SP have been implicated in the modulation of CTL activity and 

inhibition of clonal expansion [reviewed in 189]. As CTLs are a key component in 

mounting anti-HIV-1 cellular response, we explored the direct effects of SP on 
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CTL activation and cytolysis, particularly anti-HIV-1 responses. These findings 

are discussed in Chapter 2. 

 

1.6.5 Impact of SP on NK cells 

The presence of SP directly suppresses NK cell activation and cytotoxicity 

[190-192]. Given the complexity of SP, several means of suppression have been 

suggested. High levels of PGEs and 19-OH PGEs present in SP have been 

previously implicated with the observed suppression of NK cell-mediated 

cytotoxicity [191]. In addition, CD48-expressing prostasomes have also been 

shown to inhibit NK cell activity through the downregulation of CD244 (2B4) [190]. 

Acid phosphatases in SP have also been linked to NK cell inhibition in mice [193]. 

The effects of whole semen on uterine NK cells is largely unknown.  

We have previously demonstrated that the presence of SP impaired HIV-

1 specific ADCC responses by NK cells [72]. Given that NK cells form a crucial 

arm in mounting anti-HIV-1 immune responses, we investigated the extent of NK 

cell suppression by SP, with emphasis on anti-HIV-1 responses. These findings 

are shown and discussed in Chapter 2. 

 

1.6.6 Impact of SP on macrophages and neutrophils 

Neutrophils and macrophages are abundant in the FRT, where they play 

vital roles in the elimination of foreign pathogens through phagocytosis and 

microbicide production [reviewed in 176]. Following coitus and exposure to 

semen, neutrophils are the predominant leukocyte of the human cervix. In 

addition, exposure to semen also triggers an active influx of macrophages into 
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the FRT [183]. Supporting this, Introini et al. (2017) recently demonstrated in vitro 

with human cervical tissue explants that treatments with SP led to the rapid 

migration of neutrophils and monocytes [194]. Song et al. (2016) had previously 

demonstrated in vivo exposure to SP in mice resulted in the secretion of IL-17A 

from gamma-delta T cells, and this in turn recruited neutrophils to the FRT [195]. 

The influx of neutrophils to the FRT had also been linked to the presence of 

spermatozoa in murine studies [196].   

It has been speculated that neutrophils and macrophages are recruited to 

the FRT after semen deposition to scavenge dead and dying sperm [reviewed in 

176]. Supporting this, both neutrophils and macrophages have been shown to 

actively phagocytose spermatozoa [197, 198]. In addition, neutrophils can 

release NETs to trap human spermatozoa [199]. 

SP has been shown to reduce phagocytic activity. Schopf et al. (1984) had 

formerly found that SP inhibited respiratory burst responses of zymosan-

stimulated phagocytes in a dose-dependent manner [200]. These observations 

were supported by later work from Binks et al. (1999), in which 1:1 ratios of SP 

suppressed the functions of phagocytic and oxidative burst responses of 

neutrophils and monocytes towards E. Coli [201]. In cattle, bovine SP has been 

shown to inhibit phagocytosis by neutrophils, and this regulation has been linked 

to PGEs [202, 203]. Acid phosphatases in SP also inhibited neutrophil activity in 

mice [193]. 

Phagocytes are thought to contribute to HIV-1 clearance at the mucosa 

through ADP and subsequent degradation of ingested products [68]. As such, it 

is of importance to determine the extent of suppression exerted by SP on 
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phagocytes and the concentration required, particularly with regards to HIV-1 

specific responses. These findings are shown and discussed in Chapter 3. 

 

1.7 Current understanding of the impact of SP on HIV-1 transmission 

As previously mentioned, SP can be the vehicle for transfer of bacterial 

infections such as chlamydia and gonorrhea, which can in turn modulate HIV-1 

infection (section 1.4.5). In addition, SP factors have been shown to modulate 

HIV-1 infection directly in vitro. Amyloidogenic semenogelin peptides derived 

from SP, such as SEVI, enhance HIV-1 infection by promoting attachment to 

target cells [173, 204, 205]. Additionally, Chen et al. (2015) showed that the 

formation of amyloid fibrils was exacerbated by the peptides derived from the 

HIV-1 gp120 co-receptor-binding region [206]. On the other hand, Münch et al. 

(2013) noted that the presence of SP or SEVI did not result in a marked difference 

in efficacy of vaginal SIV transmission in rhesus macaques [172]. They did, 

however, observe that the addition of SP and SEVI could facilitate the spread of 

HIV-1 infection after exposure to low infection doses, which would more closely 

resemble in vivo conditions of human HIV-1 infections. 

There is also mounting evidence for alterations in chemokine and pro-

inflammatory cytokine expression levels in semen following HIV-1 infection [207, 

208] [reviewed in 209]. Keogan et al. (2015) had speculated that the deposition 

of semen from HIV-1-infected subjects onto a breached mucosal barrier could 

drastically alter the immune cell populations present at the mucosa, and influence 

HIV-1 susceptibility [reviewed in 209]. Introini et al. (2017) recently demonstrated 

in vitro that treating human cervical tissue explants with HIV-1-negative SP 
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induced pro-inflammatory responses that recruited monocytes to the explant and 

enhanced HIV-1 replication [194]. Research by Kelley et al (2017) also showed 

that subclinical injury to the rectal mucosa after receptive anal intercourse with 

semen deposition induced a distinct inflammatory response [119].  

However, in vitro experiments by Camus et al. showed that SP from HIV-

1-infected men was less effective in enhancing R5 infection of CD4+ T cells as 

compared to SP from uninfected men. This reduced efficiency was linked to the 

elevated concentrations of RANTES present in the SP of HIV-1-infected men, 

which downregulated CCR5 expression on CD4+ T cells [210]. Finally, high levels 

of IL-7 is present in healthy SP and further enhanced in HIV-1-positive SP. IL-7 

has also been linked to the increased survival of both HIV-1-infected and 

uninfected CD4+ T cells by preventing apoptosis through the upregulation of BCL-

2 [211].  

While much is known about the direct impact of SP on the recruitment and 

infectivity of target cells during HIV-1 transmission, there is limited knowledge 

about the direct impact of SP on the various anti-HIV-1 cellular immune 

responses that can be mounted at the mucosa.  

 

1.8 Thesis overview 

This Ph.D. thesis will investigate the direct impact of SP on anti-HIV-1 

cellular responses in vitro. Firstly, the immunomodulatory effects of SP on NK cell 

and CTL activation and cytolysis, particularly anti-HIV-1-specific responses, will 

be determined. Next, through a series of dilutions, the extent of 

immunosuppression exerted by SP over the phagocytic and oxidative burst 
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responses elicited by neutrophils and monocytes against opsonized E.coli will be 

measured. Subsequently RFADCC assays are implemented to understand the 

suppressive effect of SP on HIV-1 specific Fc-mediated responses mediated by 

neutrophils and monocytes. Next, experiments utilizing SP collected from HIV-1 

infected individuals at time-points before and after the commencement of cART 

will show the impact of active HIV-1 viremia on the immunomodulatory potential 

of SP. Paired SP samples will also be used to study the impact of an active 

bacterial mucosal infection on the immunosuppressive effects of SP on NK cell 

activation. Paired serum and SP samples will also be used to characterize the 

relationship of HIV-1-specific antibodies present in both the serum and SP. 

Finally, a series of size exclusion experiments, biochemical analyses and mass 

spectrometry studies will be used to narrow down the SP factor(s) responsible for 

dampening responses by lymphocytes. The findings compiled here may provide 

a better understanding about the potential impact that SP can have on various 

anti-HIV-1 cellular immune responses with relevance to HIV-1 prevention, and 

may narrow down a potent inhibitor(s) of lymphocyte activity present in SP. 
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Chapter 2: 

Modulation of innate and adaptive cellular immunity 

relevant to HIV-1 vaccine design by seminal plasma 
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Objectives: Mucosal exposure to HIV-1 infection generally occurs in the presence of
semen. Immunomodulation by seminal plasma is well described in the reproductive
biology literature. Little is known, however, about the impact of seminal plasma on
innate and adaptive anti-HIV-1 cellular immunity.

Design: The study investigated the effects of seminal plasma on immune responses
considered important for prophylactic HIV-1 vaccine development, namely innate and
adaptive cellular immunity mediated by natural killer (NK) cells and T cells, respect-
ively.

Methods: The ability of seminal plasma to modulate direct, antibody-dependent and
cytokine-stimulated NK cell activation was assessed utilizing intracellular cytokine
staining. Direct and antibody-dependent cellular cytotoxicity was assessed using lactate
dehydrogenase release assays. The effects of seminal plasma on T-cell activation upon
stimulation with staphylococcus enterotoxin B or HIV-1 Gag peptides were assessed by
intracellular cytokine staining. The impact of seminal plasma on redirected cytolysis
mediated by T cells was measured using lactate dehydrogenase release assays.

Results: Both direct and antibody-dependent NK cell activation were dramatically
impaired by the presence of either HIV-1-uninfected or HIV-1-infected seminal plasma
in a dose-dependent manner. Additionally, seminal plasma suppressed both direct and
antibody-dependent NK cell-mediated cytolysis, including anti-HIV-1 antibody-depen-
dent cytolysis of gp120-pulsed CEM.NKr-CCR5 cells. Finally, seminal plasma attenu-
ated both HIV-1 Gag-specific and staphylococcus enterotoxin B-induced CTL
activation.

Conclusions: Semen contains potent immunosuppressors of both NK cell and CD8þ

T-cell-mediated anti-HIV-1 immune responses. This could impede attempts to provide
vaccine-induced immunity to HIV-1.

Copyright � 2017 Wolters Kluwer Health, Inc. All rights reserved.
AIDS 2017, 31:333–342
Keywords: ADCC, CTL, NK cell, Semen
Introduction

A prophylactic vaccine is needed to curb the ongoing
HIV-1 epidemic. Most HIV-1 transmissions occur via
sexual exposure at the mucosa, where it is thought
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primate (NHP) models, passive delivery of broadly
neutralizing antibodies or induction of CD8þ T
lymphocytes (CTLs) via vaccination confers protection
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of non-neutralizing antibodies can provide protection
from challenge with pathogenic viruses through the
ability of such antibodies to trigger cellular functions via
interactions with constant region receptors (FcRs) [4,5].
Despite the generation of promising data in NHP models,
success in human HIV-1 vaccine clinical trials has been
limited [6–10]. Most notable is the modest efficacy of the
RV144 trial, which provided partial protection from
infection and highlighted a potential role for non-
neutralizing antibodies targeting the V1V2 region as
correlates of protection [11].

Mucosal exposure to HIV-1 almost always occurs in the
presence of semen. Seminal plasma has been known for
decades to be a potent immunosuppressant, impairing a
wide array of primary human immune cells including T-
lymphocytes, natural killer (NK) cells, and macrophages
[12]. This has been well described in the reproductive
biology literature, which has highlighted seminal plasma-
induced immunomodulation and its importance for male
fertility and promoting impregnation [13–15]. By
extension, immunomodulation by seminal plasma could
theoretically alter anti-HIV-1 immune responses within
mucosal sites of exposure [16–18]. Interestingly, we have
previously observed that anti-HIV-1 antibody-dependent
NK cell activation induced by HIV-1-positive whole
seminal plasma was weaker than that induced by dose-
equivalent IgG purified from the same seminal plasma,
suggesting seminal plasma may inhibit antibody-depen-
dent NK cell activation [19].

Given the potential for seminal plasma to modulate
immune responses, we investigated the ability of seminal
plasma to restrain an array of anti-HIV-1 cellular immune
responses. We utilized assays measuring direct or
antibody-dependent NK cell activation or cytolysis, as
well as assays to measure the activation and cytolytic
functions of CTL. We provide robust evidence of the
ability of seminal plasma to suppress key anti-HIV-1
immune responses.
Materials and methods

Participants
Whole blood was collected from six HIV-1-infected study
participants recruited from the Melbourne Sexual Health
Centre. Five of these patientswere on antiretroviral therapy
and exhibited suppressed virus (<20 RNA copies/ml),
whereas one patient was untreated at the time of sampling
and had a viral load of 184 000 RNA copies/ml. The six
study participants had a mean CD4þ T-cell count of 493
cells/ml, ranging from 160–893 cells/ml. Whole blood was
also collected from 14 HIV-1-uninfected controls, and
peripheral blood mononuclear cells (PBMCs) were
subsequently isolated by Ficoll gradient separation (GE
Healthcare, Madison, Wisconsin, USA). Isolated PBMCs
were then washed and resuspended in RF10 media (RPMI
yright © 2017 Wolters Kluwer Health, Inc. Unauth
1640, supplemented with 10% FCS, penicillin, strepto-
mycin, and l-glutamine; Life Technologies, Grand Island,
New York, USA). Four HIV-1-uninfected seminal plasma
samples were purchased from BioreclamationIVT (West-
bury, New York, USA), whereas three HIV-1-infected
seminal plasma samples were obtained from the HIV
STAR trial in Thailand [20]. Lastly, blood plasma from a
single HIV-1-infected donor was obtained from a client of
the Melbourne Sexual Health Centre to serve as a source of
anti-HIV-1 antibodies for anti-HIV-1 NK cell activation
assays. Informed consent was obtained before collection of
all biological samples, and the ethics committees of all
participating institutions approved the described studies.

Pulsing of CEM.NKr-CCR5 with gp120
CEM.NKr-CCR5 cells were labelled with 3 ug/ml HIV-
1Bal gp120 (Both obtained from the NIH AIDS Reagent
Program) and incubated for 90 min at 48C, as previously
described [21]. Uncoated cells, used as controls, were also
incubated for 90 min at 48C. Subsequently, the cells were
washed and resuspended in RF10.

Coating of 721.221 target cells with Rituximab
Major histocompatibility complex class I (MHC-I or
HLA-I) deficient 721.221 B cells, a known target for anti-
CD20-mediated NK cell activation and killing (a kind
gift from Dr Andrew Brooks, Department of Micro-
biology and Immunology, University of Melbourne),
were suspended at 1� 106 cells/ml in RF10 and coated
with 5 mg/ml of the anti-CD20 monoclonal antibody,
Rituximab (RTX) (Roche, Dee Why, New South Wales,
Australia) [22]. The cells were then incubated for 1 h at
48C. Uncoated cells, used as controls or for direct
activation of NK cells, were also incubated 1 h at 48C in
the absence of antibody. After incubation, the cells were
washed and resuspended in RF10.

NK cell activation assays
To study NK cell activation through either direct or
anti-CD20 antibody-dependent stimulation, 1� 105

RTX-coated or uncoated 721.221 target cells were
coincubated with 1� 106 isolated PBMCs. HIV-1-
infected or HIV-1-uninfected seminal plasma diluted in
RF10 were added to the cells as required. Brefeldin A
(5 mg/ml; Sigma-Aldrich, St. Louis, Missouri, USA) and
5 mg/ml monensin (BD Biosciences, East Rutherford,
New Jersey, USA) were added to the cell suspension for a
final volume of 100 ml. After a 5 h incubation at 378C
with 5% CO2, cells were harvested then stained with anti-
human CD3 PerCP (clone SK7; BD Biosciences, San
Jose, California, USA) and anti-human CD56 PE Cy7
(clone NCAM16.2; BD Biosciences) for 30 min at room
temperature in the dark. Cells were next fixed with 1%
formaldehyde (Sigma-Aldrich) for 10 min before being
permeabilized by 1� FACS permeabilizing solution 2 for
10 min (BD Biosciences). Next, cells were stained for 1 h
at room temperature with IFN-g AF700 (clone B27; BD
orized reproduction of this article is prohibited.
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Biosciences). Finally, cells were again fixed with 1%
formaldehyde, and acquired by flow cytometry.

Similarly, to measure anti-HIV-1 antibody-dependent
NK cell activation 1� 105 gp120-coated CEM.NKr-
CCR5 cells were incubated with 1� 106 PBMC in the
presence or absence of a 1 : 1000 dilution of HIV-1-
infected plasma. To assess the ability of seminal plasma to
modulate anti-HIV-1 antibody-dependent NK cell
activation a range of dilutions of HIV-1-uninfected
seminal plasma was added as required, with RF10 added
to control wells instead. The remainder of the assay set up,
incubation, processing and acquisition were completed as
described above.

To study NK cell activation through cytokine stimu-
lation, 1� 106 isolated PBMCs were incubated with
10 ng/ml of IL-12 and 5 ng/ml of IL-15, in the presence
or absence of dilutions of seminal plasma, at a final volume
of 100 ml for 18 h at 378C with 5% CO2. Next, 5 mg/ml
brefeldin A was added to the cells, which was followed by
another 6 h incubation at 378C with 5% CO2. The cells
were then harvested and stained for IFNg expression as
described above.

Cytotoxic T-lymphocyte activation assay
Briefly, 150 ml of fresh whole blood from six HIV-1-
infected study participants attending the Melbourne
Sexual Health Centre was incubated with 5 mg/ml
brefeldin A and 5 mg/ml monensin in the presence of
either the 5 mg/ml of a pool of overlapping 15mer HIV-1
consensus subtype B gag peptides(NIH AIDS Reagent
Program), 5 mg/ml staphylococcal enterotoxin B (SEB;
Sigma-Aldrich) or an equivalent volume of DMSO.
Additionally, to assess the ability of seminal plasma to
modulate CTL responses a 1 : 100 dilution of seminal
plasma, or an equivalent volume of RF10, were added to
arrive at a final volume of 200 ml. After a 5 h incubation at
378C with 5% CO2, cells were stained with anti-human
CD3 PerCP (clone SP34–4; BD Biosciences) and anti-
human CD8 PE-Cy7 (clone SK1; BD Bioscience) for 30
min at room temperature in the dark. Subsequently, cells
were treated with 1� lysing solution (BD Bioscience) for
10 min at room temperature, before being permeabilized
by 1�FACS permeabilizing solution 2 (BD Biosciences)
for another 10 min. Lastly, cells were stained for 1 h at
room temperature with IFN-g AF700 (clone: b27; BD
Biosciences), before being fixed with 1% formaldehyde,
and acquired by flow cytometry.

Lactate dehydrogenase release assay
The LDH assay was conducted with the CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, Madi-
son, Wisconsin, USA), as previously described [21]. To
measure NK cell-mediated antibody-dependent and
direct cytotoxicity, 1� 104 Ab-coated or uncoated target
cells (721.221 cells or gp120-labelled CEM.NKr-CCR5
cells) were co-incubated with 1� 105 isolated PBMCs.
opyright © 2017 Wolters Kluwer Health, Inc. Una
To study CTL-mediated cytotoxicity, 1� 104 P815 cells
(a kind gift from Dr Andrew Brooks, Department of
Microbiology and Immunology, University of Melbour-
ne)were used as target cells in the presence of anti-CD3
antibody (clone OKT3; eBioscience), and coincubated
with 1� 105 isolated PBMCs. Background spontaneous
LDH release of target and effector cells was assessed by
incubation of each cell population alone, while maximum
LDH release from target cells was assessed through the
addition of lysis solution. Dilutions of seminal plasma
were added to the respective wells as required, with
RF10 added to the control wells instead, for a final
volume of 100 ml. Plates were spun at 250g for 4 min then
incubated for 4 h at 378C. Following incubation, plates
were spun at 250 g for 4 min, before 50 ml of supernatant
was removed from each well and transferred to an
ELISA plate (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Subsequently, 50 ml of substrate
was added to each well, and the plate was incubated for 30
min in the dark at room temperature. Finally, 50 ml of stop
solution was added to each well, and the absorbance was
read at 492 nm. Observed cytotoxicity was calculated as
such: % cytotoxicity¼ [(experimental�effector sponta-
neous�target spontaneous)/(target maximum�target
spontaneous)]� 100.

Statistical analysis
All data analyses were conducted using Graphpad Prism
version 6.0 (GraphPad Software Inc., La Jolla, California,
USA). Paired data sets were compared with Wilcoxon
matched pairs tests. Differences between the groups were
considered significant when P< 0.05. Data throughout
the article are presented in the [median (range)] format.
Results

Modulation of direct and antibody-dependent
natural killer cell activation by seminal plasma
To ascertain the immunomodulatory impact of seminal
plasma, we investigated the effect of seminal plasma on the
ability of NK cells, a key lymphocyte of the innate
immune system, to become activated either directly in
response to foreign cells or via stimulation through the
CD16 Fc receptor. We first studied NK cell responses to a
HLA-I deficient B cell line (i.e., 721.221 cells), with or
without coating of the target cells with RTX, an anti-
CD20 antibody capable of triggering NK cell-mediated
antibody-dependent cellular cytotoxicity (ADCC)
responses. Seminal plasma collected from a HIV-1-
uninfected donor was added at a final dilution of 1 : 100 to
freshly isolated PBMCs from a single HIV-1-uninfected
donor. This dilution has been previously used to simulate
the concentration of seminal plasma present in the uterus
following coitus [23]. The presence of seminal plasma
reduced direct activation of NK cells against the uncoated
721.221 cells as quantified by intracellular staining for
IFN-g (i.e., from 2.04 to 0.37%, Fig. 1a). Seminal plasma
uthorized reproduction of this article is prohibited.
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Fig. 1. Effects of seminal plasma on direct and antibody-dependent activation of NK cells. FACs, fluorescence-activated cell
sorting; RTX, , Rituximab; SP, seminal plasma. (a) Freshly isolated PBMCs from an HIV-1-uninfected donor were incubated with
either uncoated 721.221 cells or RTX-coated 721.221 cells in the presence or absence of a 1 : 100 final dilution of SP from an HIV-
1-uninfected donor to assess its immunomodulatory effects. (a) FACs plots depict the gating strategy used to define CD3-CD56dim

NK cells, as well as to assess their activation (i.e., IFN-g production). (b,c) Next, assays were expanded to include six HIV-1-
uninfected PBMC donors. (b) The graph depicts the relative IFN-g production by NK cells upon stimulation with 721.221 target
cells in the presence and absence of SP. (c) The graph depicts the relative IFN-g production by NK cells upon stimulation with RTX-
coated 721.221 target cells in the presence and absence of SP. (d,e) Next, PBMC from a single HIV-1-uninfected donor were
stimulated with uncoated or RTX-coated 721.221 target cells in the presence of a series of dilutions of SP from three HIV-
uninfected donors. (d) The graph depicts the dose-dependent effects of SP upon direct NK cell activation. (e) The graph depicts the
dose-dependent effects of SP upon antibody-dependent NK cell activation. (f,g) Similarly, PBMC from a two HIV-1-uninfected
donors were stimulated with uncoated or RTX-coated 721.221 target cells in the presence of a series of dilutions of SP from three
HIV-1-infected donors. (f) The graph depicts the dose-dependent effects of HIV-1-infected SP upon direct NK cell activation. (g)
The graph depicts the dose-dependent effects of HIV-1-infected SP upon antibody-dependent NK cell activation. Statistical
significance values were obtained using a nonparametric Wilcoxon matched pairs test.
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Fig. 2. Effect of seminal plasma on NK cell-mediated cytolysis. RTX, Rituximab; SP, seminal plasma. (a,b). Freshly isolated PBMCs
from six HIV-1-uninfected donors were assessed for their ability to kill either uncoated 721.221 cells or RTX-coated 721.221 cells,
in the presence or absence of a 1 : 1000 final dilution of SP from a single HIV-1-uninfected donor, using the LDH-release assay. (a)
The graph depicts the relative cytolysis of uncoated 721.221 target cells in the presence and absence of SP. (b) The graph depicts
the relative cytolysis of RTX-coated 721.221 target cells in the presence or absence of SP. Statistical significance levels were
assessed using a nonparametric Wilcoxon matched pairs test.
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also abrogated NK cell production of IFN-g upon
stimulation with RTX-coated 721.221 cells (i.e., from
8.57 to 3.31%, Fig. 1a). To verify that the observed
inhibitions were not restricted to specific host–donor
interactions, we screened multiple HIV-1-uninfected
PBMC donors. Seminal plasma decreased IFN-g
production across six PBMC donors upon both direct
stimulation with 721.221 target cells [1.32% (0.41–
2.33%) vs. 0.08% (0.00–0.37%), P¼ 0.031; Fig. 1b] and
RTX-coated 721.221 target cells [4.72% (0.80–8.57%)
vs. 1.05% (0.03–3.31%), P¼ 0.031; Fig. 1c].

We next screened seminal plasma samples from three
distinct HIV-1-uninfected donors to confirm that the
ability of seminal plasma to attenuate NK cell activation is
common across individuals. Notably, all three seminal
plasmas inhibited both direct NK cell activation (Fig. 1d)
and antibody-dependent NK cell activation (Fig. 1e) in a
dose-dependent manner. To establish if HIV-1-positive
seminal plasma would behave similarly, we repeated the
assay with seminal plasma collected from three HIV-1
infected individuals against the PBMCs isolated from two
healthy donors. Seminal plasma from all three HIV-1-
infected donors inhibited direct activation of NK cells
(Fig. 1f) and antibody-dependent NK cell activation
(Fig. 1g) in a dose-dependent manner.

Modulation of direct and antibody-dependent
cytolysis by seminal plasma
We next assessed if the presence of seminal plasma
decreased NK cell cytolytic activity. Using a killing assay
based on the release of LDH, we were able to quantify the
levels of direct and antibody-dependent cytolysis of
721.221 target cells in the presence and absence of seminal
plasma. We observed dramatic and statistically significant
opyright © 2017 Wolters Kluwer Health, Inc. Una
reductions in direct cytolysis when PBMCs from six
donors were incubated with 721.221 target cells in the
presence of seminal plasma (1 : 1000 final dilution)
[36.07% (19.50–63.88%) vs. 0.50% (0.00–3.26%),
P¼ 0.031; Fig. 2a]. The addition of seminal plasma
(1 : 1000 final dilution) also triggered a statistically
significant drop in ADCC activity against RTX-coated
721.221 cells [55.29% (37.57–78.39%) vs. 17.54 (3.48–
35.16%), P¼ 0.031; Fig. 2b].

Modulation of cytokine-induced NK cell
activation by seminal plasma
We then questioned if the observed suppression of NK
cell activation by seminal plasma was restricted to
stimulations requiring effector–target interactions.
Freshly isolated PBMCs samples from six donors were
stimulated with both IL-12 and IL-15 overnight in the
presence or absence of seminal plasma. NK cells exposed
to seminal plasma exhibited decreased IFN-g production
as detected by intracellular staining [39.41% (24.08–
50.27%) vs. 11.72% (8.58–17.82%), P¼ 0.031; Fig. 3a].
This inhibitory effect was observed in a dose-dependent
manner, as shown with three PBMC samples (Fig. 3b).
These findings suggest that the inhibition by seminal
factors of NK cell activation is not limited to that of
effector–target interactions.

Modulation of anti-HIV-1 antibody-dependent
natural killer cell activation by seminal plasma
The RV144 trial and live attenuated vaccine trials in
primates suggest that ADCC is potentially important for
HIV-1 vaccine design [4,11]. Thus, we sought to examine
if the immunosuppressive properties of seminal plasma
would influence the anti-HIV-1 immune response
mounted by NK cells. HIV-1 negative seminal plasma
uthorized reproduction of this article is prohibited.
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Fig. 3. Effects of seminal plasma on cytokine-induced activation of NK cells. SP, seminal plasma. (a) Freshly isolated PBMCs from
six HIV-1-uninfected donors were stimulated overnight with a combination of IL-12 and IL-15 in the presence or absence of a
1 : 100 final dilution of SP from an HIV-1-uninfected donor. The graph depicts the relative IFN-g production by NK cells, as
measured by intracellular cytokine staining, upon stimulation with IL-12 and IL-15 in the presence and absence of seminal plasma.
(b) Freshly isolated PBMCs from three HIV-1-uninfected donors were stimulated overnight with a combination of IL-12 and IL-15
alone and in the presence of two dilutions of SP (i.e. 1 : 100, 1 : 1000) from a single HIV-1-uninfected donor. The graph depicts the
dose-dependent effects of seminal plasma upon cytokine-induced NK cell activation. Statistical significance levels were assessed
using a nonparametric Wilcoxon matched pairs test.
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was added to the coculture of freshly isolated PBMCs and
gp120-labelled CEM.NKr-CCR5 cells in the presence of
HIV-1-infected plasma. The presence of seminal plasma
inhibited NK cell activation across multiple donors, as
measured by levels of intracellular IFN-g [5.35% (0.70–
19.10%) vs 1.00% (0.03–2.60%), P¼ 0.0313; Fig. 4a].
This suppression of anti-HIV-1 antibody-dependent NK
cell activation occurred in a dose-dependent fashion
(Fig. 4b). Similarly, experiments assessing the ability of
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seminal plasma to inhibit anti-HIV-1 antibody-depen-
dent activation of purified NK cells revealed robust
inhibition (Data not shown). These results were
corroborated by the attenuated ADCC of gp120-labelled
CEM.NKr-CCR5 cells by seven PBMC samples in the
presence of HIVIg and HIV-1 negative seminal plasma, as
detected by released LDH [13.90% (8.18–35.75%) vs.
2.02% (0.00–6.77%), P¼ 0.031; Fig. 4c]. Taken
together, our observations highlight the potency of
HIVIG
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seminal plasma in hindering NK cell participation in the
immune response against HIV-1 infection.

Modulation of anti-HIV-1 CD8R T lymphocytes
responses by seminal plasma
Beyond NK cells, the reproductive biology literature
shows seminal plasma to impair an array of primary
human immune cells, including T lymphocytes [12]. To
determine if seminal plasma suppresses anti-HIV-1
cellular immune responses other than those mediated
by NK cells, we studied the effects of seminal plasma on
CTLs. First, we investigated the effects of seminal plasma
on CD8þ CTL activation with the superantigen SEB.
SEB was added to freshly isolated whole blood samples
from six HIV-1-infected patients in the presence or
absence of seminal plasma from a HIV-1-uninfected
donor. The addition of seminal plasma resulted in a
statistically significant reduction in CTL responses as
measured by IFN-g [5.08% (0.08–9.81%) vs. 1.53%
(0.03–3.90%), P¼ 0.031; Fig. 5a,b]. Eliciting broad,
robust local HIV-1-specific CTL responses has been the
strategy for several vaccines against HIV-1 infection. We
next stimulated six HIV-1-positive whole blood samples
with a set of overlapping 15-mer Gag peptides in the
presence and absence of seminal plasma from a HIV-1-
uninfected donor. All six study participants had detectable
Gag-specific CTLs and a statistically significant reduction
in IFN-g producing CD8þT cells was detected following
stimulation in the presence of seminal plasma [0.25%
(0.07–0.69%) vs. 0.01% (0.01–0.11%), P¼ 0.031; Fig. 5a
and 5c]. We next ascertained if the presence of seminal
plasma had an effect on T-cell-mediated cytolysis.
PBMCs from six HIV-1-uninfected donors were coin-
cubated with the murine P815 mast cell line and purified
anti-CD3 antibody to induce redirected cytolysis [24].
These incubations were done in the presence or absence
of seminal plasma from a HIV-1-uninfected donor. The
presence of seminal plasma (final dilution 1 : 1000)
significantly reduced T-cell-mediated cytolysis [12.63%
(7.46–60.36%) vs. 0.08% (0.00–16.66%), P¼ 0.031;
Fig. 5d]. These results suggest that the immunomodu-
latory effects of seminal plasma also extend to T cells.
Discussion

We have previously shown that HIV-1-positive whole
seminal plasma induced weaker anti-HIV-1 antibody-
dependent NK cell activation than did dose-equivalent
IgG purified from the same seminal plasma [19]. Taken
together with the vast literature on reproductive biology
highlighting the potency of seminal plasma-induced
immunomodulation [12,15,16], we hypothesized that
the presence of seminal plasma could impair an array of
anti-HIV-1 cellular immune responses. In the current
manuscript, we provide robust data implicating seminal
plasma in the suppression of anti-HIV-1 cellular immune
responses, namely NK cells and T lymphocytes. These
opyright © 2017 Wolters Kluwer Health, Inc. Una
data have important ramifications for vaccine design and
highlight a crucial element lacking from most discussions
of preventive HIV-1 interventions – the presence of
seminal plasma as a viral delivery vehicle [25].

The exact factor(s) conferring seminal plasma with
immunomodulatory properties has been extensively
discussed in the reproductive biology literature. That
we observed potent inhibition after serial dilutions and
blanket suppression of both NK cells and T cells suggests
that the factors involved are present in high concen-
trations in semen and wide acting. Active transforming
growth factor beta has been shown to be a potent
immunomodulator of the female reproductive tract and is
present at elevated levels in semen [26]. Similarly, seminal
CD52 has been shown to suppress the classical
complement pathway [27]. The increased prostaglandins
present in seminal plasma have also been previously
suggested to hinder viral clearance during infections of
the reproductive tract [16]. In addition, Alexander et al.
(1987) [28] showed in rhesus macaques, vaginal and rectal
infusions of human semen resulted in the elevation of
blood prostaglandins. Prostasomes have also been
previous implicated in the immunosuppression of NK
cells by seminal plasma [29]. The interpretation of
experiments on the effects of seminal plasma on NK cells,
however, are limited as they were performed with
purified/fractionated constituents from seminal plasma,
and did not accurately represent the multifactorial
immunomodulatory effects at play [29,30]. In addition,
these assays were conducted over 12–24 h, and extended
exposure to seminal plasma could induce cytotoxicity and
influence results, as suggested by Kim et al. (2010) [31].

The hours immediately following HIV-1 exposure are a
crucial window for preventing infection. Indeed, it has
been shown in macaques that cell-free simian immuno-
deficiency virus rapidly disseminates from the mucosa to
the lymph nodes within the first 4 h following rectal
inoculation [32]. There, the virus establishes infection,
and eventually latent reservoirs. Given the urgency of
curtailing the spread of infectious virus, it is paramount to
mount an effective early immune response at the site of
entry. Here, we have demonstrated that within 5 h of
exposure, the addition of diluted seminal plasma
significantly hampered anti-HIV-1 immune responses
by both NK cells and T lymphocytes. This hindrance
could provide a window of opportunity for HIV-1
dissemination and subsequent infection.

Although the prospect of semen interfering with immune
responses to HIV-1 and allowing viral dissemination to
occur is intriguing, many questions remain about the in-
vivo relevance of immune suppression by seminal plasma.
Indeed, the interaction of seminal plasma with factors
present within the mucosal sites of HIV-1 transmission
could determine if immune suppression observed in vitro
translates to in vivo. Future experiments should attempt to
uthorized reproduction of this article is prohibited.
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Fig. 5. Effects of seminal plasma on T-lymphocyte responses. CTL; CD8þ T lymphocytes; FACs, fluorescence-activated cell
sorting; SEB, staphylococcal enterotoxin B; SP, seminal plasma. (a–c) Whole blood was collected from six HIV-1-infected donors
and T-lymphocyte responses were assessed by the addition of SEB or 15-mer Gag peptide pool. To assess the impacts of SP on
T-lymphocyte responses stimulations were conducted in the presence or absence of a 1 : 100 final dilution of SP from a single
HIV-1-uninfected donor. T-lymphocyte responses were assessed through intracellular cytokine staining to detect IFN-g production
by CD3þCD8þ lymphocytes. (a) FACs plots depict the gating strategy used to identify CD3þCD8þ T cells, as well as assess their
activation (i.e., IFNg production). (b) The graph depicts the relative IFN-g production by CD3þCD8þ T lymphocytes upon SEB
stimulation in the presence and absence of SP. (c) The graph depicts the relative IFN-g production by CD3þCD8þ T lymphocytes
upon Gag peptide pool stimulation in the presence and absence of SP. (d) The impact of SP on T-lymphocyte-mediated cytolysis
was assessed using the LDH-release assay. Freshly isolated PBMCs from six HIV-1-uninfected donors were incubated with P815
target cells in the presence of anti-CD3 antibody to elicit redirected cytolysis. Incubations were conducted in the presence or
absence of a 1 : 1000 final dilution of SP from single HIV-1-uninfected donor. The graph depicts the relative redirected cytolysis of
P815 target cells in the presence and absence of SP. Statistical significance values were obtained using a nonparametric Wilcoxon
matched pairs test.

Cop
address this possibility by diluting seminal plasma within
rectal or vaginal fluids prior to addition to assays assessing
cellular immunity. In addition to the possibility of factors
within mucosal fluids attenuating immune suppression
mediated by seminal plasma, there are questions about the
location of effector cells at mucosal sites and the ability of
yright © 2017 Wolters Kluwer Health, Inc. Unauth
seminal plasma to influence the functionality of these
cells. Recently, NK cells were identified within both the
colorectal and female genital mucosal tissues of humans
[33]. The majority of these cells were localized within the
subepithelial lamina propria. Additionally, it has recently
been shown that anti-HIV-1 CTL can be established
orized reproduction of this article is prohibited.
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within the vaginal mucosa of mice after an intranasal
prime/intravaginal boost vaccination protocol with an
influenza construct modified to express HIV-1 p24 [34].
Whether or not immunosuppressive factors within
seminal plasma can access potential effector cells within
mucosal tissues and alter their behavior is an important
question to be addressed by future research.

In conclusion, our findings show that seminal plasma is a
potent suppressor of key NK cell and T-lymphocyte anti-
HIV-1 immune responses, and may attenuate vaccine-
induced responses upon HIV-1 exposure. Our results
highlight seminal plasma as a potentially under-recog-
nized impediment to HIV-1 vaccine efficacy.
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Summary

HIV-1 infection occurs following exposure at mucosal surfaces, and often involves 

semen. Semen is a complex solution containing pro- and anti-inflammatory factors 

that can influence leukocyte responsiveness to stimulation. Indeed, seminal plasma 

potently inhibits NK cell and T lymphocyte responses. Active HIV-1 infection, and/or 

infections with bacterial sexually transmitted pathogens, might alter seminal fluid 

composition and influence the ability of semen to modify immune responses. We 

studied paired seminal plasma samples from dates prior to and following initiation of 

antiretroviral therapy (n = 11) and in the presence or absence of an active chlamydia 

and/or gonorrhea infection (n = 9). We found active HIV-1 infection did not alter the 

capacity of seminal plasma to suppress antibody mediated NK cell activation. The 

presence of an active bacterial sexually transmitted infection also did not alter the 

capacity of seminal plasma to suppress NK cell activation. The NK cell activating anti-

HIV-1 antibody responses within semen and blood were highly correlated. Further, the 

anti-HIV-1 antibody-dependent NK cell responses triggered by both semen-derived 

IgG and blood sera primarily recognize CD4-induced epitopes within constant regions 

1 and 2 of the HIV-1 envelope. The relevance of these results for understanding HIV-

1 transmission and vaccine design is discussed.        
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Introduction

Many new human immunodeficiency virus (HIV-1) infections occur following exposure 

to semen at the anogenital mucosa.  Semen is a complex biological cocktail containing 

immune cells and antibodies, as well as both pro-inflammatory and 

immunosuppressive factors [1-5]. Following exposure to semen from an HIV-1-

infected donor, the relative contributions of semen-derived anti-HIV-1 immune 

responses and pro-inflammatory or immunosuppressive factors to the likelihood of 

HIV-1 transmission remains undefined. Understanding how semen contributes to the 

transmission of HIV-1 could assist with HIV-1 vaccine design.

The immunosuppressive nature of seminal plasma (SP) has been extensively studied 

[6-8]. The capacity of SP to suppress immune responses is important for subduing 

immune responses to paternal antigens and promoting pregnancy [9]. 

Immunosuppressive factors within SP have also been hypothesized to potentially quell 

anti-viral immune responses and promote HIV-1 transmission [10]. Most of what is 

known about the capacity of SP to suppress immune responses, however, has been 

derived from studies of SP from HIV-1-uninfected donors. We have previously 

demonstrated that SP from both HIV-1-uninfected and -infected donors inhibits both 

direct and antibody-dependent responses of NK cells [11]. It is not known if SP from 

donors with active viremic versus antiretroviral therapy (ART)-suppressed HIV-1 

infections differ in their capacity to subdue NK cell responses. Infection with HIV-1 is 

known to modify the concentrations of cytokines within semen [12], which might alter 

the immunosuppressive capacity of SP.
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As well as pro- and anti-inflammatory factors, SP from HIV-1-infected donors carries 

anti-HIV-1 immunoglobulin [3, 5]. Semen-derived HIV-1-specific antibodies trigger 

antibody-dependent NK cell responses, and could potentially trigger Fc-dependent 

functions by the effector cells of semen recipients following HIV-1 exposure [3]. While 

semen-derived anti-HIV-1 antibodies can trigger antibody-dependent NK cell 

responses, little is known regarding the specificity and durability of these antibodies. 

Anti-HIV-1 antibodies from other infected fluids, including blood, breastmilk and 

cervical-vaginal fluids, carry antibodies that target CD4-induced epitopes [13]. Within 

sera these responses are blocked by the A32 monoclonal antibody, which recognizes 

an epitope within the Cluster A region of HIV-1 envelope [14]. Whether this is also true 

of anti-HIV-1 antibodies in SP is unknown. An additional unknown regarding anti-HIV-1 

antibodies in SP is their durability following HIV-1 suppression with ART. Anti-HIV-1 

antibodies within blood gradually decline following initiation of ART. This is 

characterized by a decrease in binding antibodies, as well as antibodies capable of 

triggering Fc-dependent functions [15, 16].

We now present an investigation of the impact of ART on the immunosuppressive 

capacity of SP and the durability of functional anti-HIV-1 IgG within SP using paired 

SP samples from pre- and post-ART time points. Our results reveal SP to inhibit direct 

and antibody-dependent NK cell responses to a similar degree during active and 

suppressed HIV-1 infection. Furthermore, we note little change in the functionality of 

anti-HIV-1 IgG within SP between the pre- and post-ART samples. Lastly, we 

demonstrate through Fab blocking experiments that SP anti-HIV-1 antibodies capable 

of triggering antibody-dependent NK cell activation primarily target CD4-induced 
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epitopes within gp120 constant regions 1 and 2 (C1 and C2). These results are 

discussed in terms of their relevance for HIV-1 vaccine design.
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Results

Effect of ART on seminal plasma (SP) anti-HIV-1 antibody responses

Anti-HIV-1 antibodies capable of eliciting antibody-dependent NK cell activation 

decrease in blood plasma following prolonged viral suppression with ART [15, 16]. As 

such, we investigated if anti-HIV-1 antibodies within the SP and blood sera samples 

from dates prior to and following initiation of ART differed in their capacity to trigger 

NK cell activation (measured as intracellular IFNγ expression) against HIV-1Bal gp120-

coated CEM.NKr-CCR5 target cells (gating strategy is depicted in Figure 1A). As we 

have previously shown factors within SP inhibit NK cell activation [11], we purified the 

IgG from SP samples for this assay. We did not observe any significant differences in 

anti-HIV-1 antibody-dependent NK cell activation between samples from dates prior 

to and following initiation of ART for a 1:1000 dilution of blood sera [3.93% (0.26%–

17.84%) vs 3.90% (0.20%–21.65%), p=0.88] or SP-derived IgG utilized at the 

equivalent of a 1:10 dilution [2.83% (0.16%–14.80%) vs 4.47% (0.23%–14.20%), 

p=0.46] (Figure 1B). 

As we detected blood sera and SP samples to trigger a range of anti-HIV-1 antibody-

dependent NK cell responses, we next investigated if the capacity of an individual’s 

serum anti-HIV-1 antibodies to trigger NK cell activation corresponded to the capacity 

of that individual’s SP-derived anti-HIV-1 IgG to trigger NK cell activation. As 

represented in Figure 1C, a positive correlation (r=0.86, p=0.002) was noted between 

the capacity of paired blood sera (1:1000 dilution) and SP-derived IgG (1:10 dilution) 

samples to trigger anti-HIV-1 antibody-dependent NK cell activation. 
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Specificity of SP-derived anti-HIV-1 IgG with NK cell activating capacity   

CD4-induced epitopes within the C1-C2 region of gp120, referred to as Cluster A 

epitopes [17], are a primary target of anti-HIV-1 ADCC antibodies induced in HIV-1 

infection and by vaccination [13, 14, 18]. Indeed, Fab fragments of the monoclonal 

antibody A32, the prototype antibody of the Cluster A region recognizing a highly 

conserved epitope mapped to layer 1 and 2 of the gp120 inner domain in its CD4-

bound conformation [19], can block ADCC responses mediated by anti-HIV-1 

antibodies within blood [14]. Similarly, ADCC responses mediated by antibodies 

derived from RV144 vaccinees are blocked by A32 Fab fragments [20]. To determine 

if SP-derived anti-HIV-1 antibodies also target Env in an A32-blockable manner, we 

performed a series of blocking experiments using A32 Fab fragments. As shown in 

Figure 2A, the presence of A32 Fab significantly inhibited anti-HIV-1 antibody-

dependent NK cell activation triggered by IgG derived from SP samples (used at 

equivalent of a 1:10 dilution) from 9 HIV-1-infected donors [70.90% (14.03%–87.13%), 

p=0.004]. Similarly, A32 Fab fragments significantly inhibited anti-HIV-1 antibody-

dependent NK cell activation by 1:10,000 dilutions of blood sera samples from nine 

HIV-1-infected donors [75.17% (28.18%–84.67%), p=0.004 ; Figure 2B]. These data 

suggest that SP anti-HIV-1 IgG that mediate Fc functions share similar epitope 

specificities as sera antibodies.       

Impact of active HIV-1 infection and ART on immunosuppressive potency of SP 

The immunosuppressive nature of SP is important for reproductive biology and has 

potential implications for the transmission of HIV-1 and other sexually transmitted 

pathogens [9, 10]. As such, we investigated if the immunosuppressive capacity of an 

individuals’ SP differed during an active HIV-1 infection and following suppression of 
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viremia by ART. We analyzed SP samples from dates prior to the initiation of ART and 

following ART commencement for the capacity to inhibit direct and antibody-

dependent NK cell activation. We studied direct NK cell activation through intracellular 

IFNγ production following stimulation with MHC I deficient 721.221 target cells. 

Antibody-dependent NK cell activation was measured as intracellular IFNγ production 

following stimulation with Rituximab-coated 721.221 target cells. The gating strategy 

used to analyze the capacity of SP to inhibit direct and antibody-dependent NK cell 

activation is depicted in Figure 3A. No significant difference was observed in the 

inhibition of direct [94.66% (82.3%–98.0%) vs 95.33% (56.26%–98.33%), p=0.62; 

Figure 3B] or antibody-dependent [89.53% (65.85%–92.03%) vs 87.86% (85.01%–

92.62%), p=0.76; Figure 3C] NK cell activation by 1:100 dilutions of SP samples from 

11 donors at dates prior to or during ART.  

Impact of active bacterial sexually transmitted infections on the immunosuppressive 

potency of SP 

Bacterial sexually transmitted infections are prevalent amongst HIV-1-infected men 

[21]. These infections have the potential to alter the immunosuppressive capacity of 

SP. As such, we obtained paired samples from nine HIV-1-infected men from a date 

of an active urethral and/or rectal chlamydia and/or gonorrhea infection(s) and a time 

during which no infection was present. These samples were screened for the capacity 

to inhibit direct and antibody-dependent NK cell activation. No significant difference 

was observed in inhibition of direct [96.70% (90.51%–98.72%) vs 95.63% (89.15%–

97.98%), p=0.73; Figure 4A] or antibody-dependent [85.94% (70.72%–90.22%) vs 

84.43% (65.99%–89.49%), p=0.25; Figure 4B] NK cell activation for 1:100 dilutions of 
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SP samples collected during bacterial sexually transmitted infections or times when 

no infection was present.    
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Discussion

This work characterizes the anti-HIV-1 immune responses present in semen from HIV-

1-infected men, as well as the impact of active HIV-1 or bacterial infections on the 

immunosuppressive capacity of SP. We studied a carefully curated set of SP samples 

from HIV-1-infected subjects obtained over time as part of a HIV-1 transmission clinical 

trial (16).  We demonstrate that HIV-1 antibodies within semen overlap with antibodies 

present in blood plasma. Indeed, we report that antibodies within paired SP and blood 

sera samples similarly recognize CD4-induced A32-like epitopes within the Cluster A 

region of HIV-1 envelope. Furthermore, the capacity of SP-derived IgG to trigger anti-

HIV-1 antibody-dependent NK cell activation correlates with the capacity of blood sera 

antibodies from the same donor to trigger NK cell activation. Lastly, we note that active 

HIV-1 infection, or bacterial infection(s), do not influence the capacity of SP to inhibit 

direct or antibody-dependent NK cell activation.   

The demonstration that SP contains anti-HIV-1 antibodies capable of triggering NK 

cell activation is consistent with our previous work [3]. We speculated that Fc-

functional antibodies might be utilized by effector cells within exposed mucosa to 

contribute to protection from HIV-1. This possibility is supported by the detection of 

effector cells expressing Fc receptors within mucosal sites of HIV-1 exposure [22]. In 

the current study, we further characterized the anti-HIV-1 IgG within SP and 

demonstrated these antibodies to recognize similar envelope regions as antibodies 

within blood sera (i.e., CD4-induced Cluster A region overlapping with A32 binding 

site). This observation raises questions about the potential utility of seminal anti-HIV-

1 antibodies for protecting against HIV-1, as the HIV-1 Vpu and Nef accessory proteins 
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downregulate CD4 from the surface of infected cells and prevent exposure of CD4-

induced epitopes [23].    

Furthermore, the immunosuppressive potential of SP might render anti-HIV-1 

antibodies of any specificity incapable of triggering effector cell activation. Indeed, we 

now provide further evidence of the capacity of SP from HIV-1-infected subjects to 

potently inhibit both direct and antibody-dependent NK cell activation. We also show 

that the capacity of SP to suppress NK cell activation is similar in paired SP samples 

obtained during active and suppressed HIV-1 infection, as well as samples obtained 

during and before or after a bacterial sexual transmitted infection. Importantly, these 

results illustrate that SP from viremic HIV-1-infected individuals has the capacity to 

suppress anti-HIV-1 immune responses at times during which donors could potentially 

transmit HIV-1.

The current study has two major caveats due to sampling issues. First, for our 

assessment of the impact of sexually transmitted bacterial infections on the 

immunosuppressive capacity of SP, most of the samples were obtained from donors 

with rectal infections. Future studies assessing the impact of a larger number of 

urethral bacterial infections would be useful for determining the generalizability of the 

data generated from our cohort. Secondly, our assessment of the impact of ART on 

anti-HIV-1 antibody functions in both SP and blood sera did not reveal a post-treatment 

decline in antibody Fc-dependent responses, as has been previously reported [15, 

16]. This is likely a result of the sample size and relatively short duration of ART 

treatment follow up (mean 14.3 months) for the samples available for this assessment. 
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Future studies assessing larger numbers of samples and longer durations of ART are 

required to determine if SP antibodies wane following successful ART.

Semen is an important component of many HIV-1 transmissions, which has the 

potential to directly influence HIV-1 transmission. Seminal factors capable of 

influencing HIV-1 transmission include anti-HIV-1 antibodies and immunosuppressive 

components. We have now demonstrated that the capacity of semen to modulate 

immune responses is present during both active and suppressed HIV-1 infection. 

Furthermore, we have shown that anti-HIV-1 antibodies within semen target CD4-

induced epitopes, which might exhibit low availability on the surface of infected cells. 

To determine the potential for semen to interfere with immune-mediated prevention of 

HIV-1 infection, it will be important to model semen exposure in in vivo challenge 

systems with immune-based prophylactics such as broadly neutralizing antibodies .  
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Materials and Methods 
        
Participants

Paired blood sera and SP samples from dates prior to and during ART were obtained 

from 11 HIV-1-infected donors. An additional nine paired SP samples were obtained 

from HIV-1-infected donors from dates of an active Neisseria gonorrhea and/or 

Chlamydia trachomatis infection(s) and dates prior to or following resolution of the 

infection(s). All donors of blood sera and SP samples were participants of the 

Opposites Attract study [24, 25]. 

Peripheral blood mononuclear cells (PBMCs) containing NK cell effector cells were 

isolated from the whole blood of two HIV-1-uninfected donors. Donor PBMC were 

isolated by Ficoll gradient separation (GE Healthcare), washed and suspended in 

RF10 media (RPMI 1640 supplemented with 10% FCS, penicillin, streptomycin and l-

glutamine; all from Life Technologies).

Informed consent was obtained prior to collection and storage of all biological samples, 

and ethics approvals were granted by all participating institutions.     

A32 Fab generation

A32 Fab fragments were generated from full A32 IgG by papain digestion, as 

previously described [19].

IgG enrichment from HIV-1-infected SP

IgG was enriched from SP with the Protein G HP Multitrap and antibody buffer kit (both 

from GE Healthcare), as previously described [3]. Elutes were washed with PBS in 
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30k Amicon Ultra-4-Centrifugal Filter Units (Milipore) and suspended in a volume of 

PBS identical to the original sample.

Target cell preparation

As previously described [11], CD4+ CEM.NKr-CCR5 cells (NIH AIDS Reagent 

Program) were labelled with 3μg/ml of HIV-1Bal gp120 (NIH AIDS Reagent Program) 

and incubated for 90 minutes at 4oC. Uncoated cells, which were used as controls, 

were also incubated for 90 minutes at 4oC. Following incubation, cells were washed 

and suspended in RF10.

The major histocompatibility complex class I (MHC-1 or HLA-I) deficient 721.221 B 

cell line (a kind gift from Dr Andrew Brooks, Department of Microbiology and 

Immunology, University of Melbourne, Melbourne, Victoria, Australia) was suspended 

at 1x106 cells/ml in RF10 and coated with 5μg/ml of anti-CD20 antibody (Rituximab; 

Roche) for 1 hour at 4oC. Uncoated 721.221 cells, used for direct activation of NK 

cells, were also incubated for 1 hour at 4oC in the absence of antibody. Following 

incubation, cells were washed and suspended in RF10.

NK cell activation assays

To assess NK cell activation through direct or anti-CD20 antibody-dependent 

stimulation, 1x105 uncoated or Rituximab-coated 721.221 cells were incubated with 

1x106 PBMCs. Incubations were conducted in the presence or absence of a 1:100 

dilution of SP from an HIV-1-infected donor. Brefeldin A (5mg/ml; Sigma-Aldrich) and 

5mg/ml monensin (BD Biosciences) were added to cultures to achieve a final volume 

of 100μl. Effector and target cells were incubated for 5 hours at 37oC with 5% CO2. 
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Following incubation cells were stained with anti-human CD3 PerCP (clone SK7; BD 

Biosciences) and anti-human CD56 PE Cy7 (clone NCAM16.2; BD Biosciences).  

Next, cells were fixed with 1% formaldehyde (Sigma-Aldrich), permeabilized with 1X 

FACS permeabilizing solution 2 (BD Bioscience) and stained with anti-human IFNγ 

AF700 (clone b27; BD Biosciences). Finally, cells were fixed with 1% formaldehyde 

and acquired on an LSRFortessa (BD Biosciences). Data were analyzed with FlowJo 

Version 10.4.2.

To measure anti-HIV-1 antibody-dependent activation, 1x106 PBMC were incubated 

with 1x105 gp120-coated CEM.NKr-CCR5 target cells in the presence or absence of 

HIV-1-infected serum (1:1000 final dilution) or IgG enriched from HIV-1-infected SP 

(final dilution equivalent to 1:10 dilution of SP). To assess the capacity of A32 Fab to 

block anti-HIV-1 antibody-dependent NK cell activation, target cells were treated with 

10μg/ml of A32 Fab for 30 minutes at room temperature prior to the addition of serum 

(1:10,000 dilution) or SP-derived IgG (final dilution equivalent to 1:10 dilution of SP) 

from HIV-1-infected donors. The remainder of the assay (incubation, processing and 

acquisition) was completed as described above. 

Statistics

Data analyses were conducted using GraphPad Prism Version 8.01. Paired data sets 

were compared using two tailed Wilcoxon matched pairs tests. Differences between 

groups were considered significant when p<0.05. Data throughout are presented in 

the following format [median (range)].
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Table 1. Clinical characteristics of patients

a) Donors assessed to determine the impact of active versus suppressed HIV-1 
infection on immunosuppressive activity of SP. 

b) Donors assessed to determine the impact of the presence or absence of an active 
sexual transmitted infection on immunosuppressive activity of SP.  

VL – viral load; U - undetectable; CT – Chlamydia trachomatis; GC – Neisseria 
gonorrhea  

a) b)
ID Visit VL CT / GC CD4 ID Visit VL CT / GC CD4

V1 46517 900 V1 U CT 842OA
1 V2 U

NO
CT/GC 890

OA
12 V2 U NO CT/GC 674

V1 8203 427 V1 37 CT / GC 640OA
2 V2 U

NO
CT/GC 581

OA
13 V2 37 NO CT/GC 870

V1 22686 376 V1 U CT 553OA
3 V2 U

NO
CT/GC 659

OA
14 V2 U NO CT/GC 521

V1 1765 337 V1 U NO CT/GC 771OA
4 V2 U

NO
CT/GC 422

OA
15 V2 U CT 1641

V1 10593 432 V1 U CT 578OA
5 V2 U

NO
CT/GC 380

OA
16 V2 U NO CT/GC 581

V1 239663 161 V1 U CT 630OA
6 V2 U

NO
CT/GC 504

OA
17 V2 U NO CT/GC 545

V1 37666 260 V1 U NO CT/GC 863OA
7 V2 U

NO
CT/GC 355

OA
18 V2 U CT 824

V1 64491 324 V1 U CT 583OA
8 V2 U

NO
CT/GC 556

OA
19 V2 U NO CT/GC 738

V1 42221 322 V1 327608 NO CT/GC 418OA
9 V2 U

NO
CT/GC 573

OA
20 V2 U CT / GC 669

V1 30597 389OA
10 V2 U

NO
CT/GC 312

V1 44901 697OA
11 V2 U

NO
CT/GC 786
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Figure legends  

Figure 1. Impact of ART on anti-HIV-1 antibody responses within blood and 

semen. The capacity of anti-HIV-1 antibodies, derived from the seminal plasma (SP) 

samples (n=11) or present within paired blood sera samples (n=11), to trigger anti-

HIV-1 antibody-dependent NK cell activation was assessed. NK cells within PBMC 

were stimulated with HIV-1 gp120-coated CEM.NKr-CCR5 target cells in the absence 

of antibody, the presence of a 1:1,000 of blood serum or an amount of SP-derived IgG 

equivalent to a 1:10 dilution of SP. NK cell activation was measured by detection of 

intracellular IFNγ production by flow cytometry. (A) The FACS plots depict the gating 

protocol implemented to assess NK cell activation. Gates identified lymphocytes, 

single cells, CD56dimCD3- NK cells and revealed the proportion of NK cells expressing 

IFNγ in the absence of antibody (top), presence of blood serum (middle) or presence 

of SP-derived IgG (bottom). (B) The graphs depict the relative anti-HIV-1 antibody-

dependent NK cell activation triggered by 1:1,000 dilutions of paired blood sera 

samples collected prior to and following initiation of ART (left) or by SP-derived IgG 

from samples collected prior to and following ART (right). Data were analyzed with 

Wilcoxon matched pairs tests, and p<0.05 was considered significant. (C) The graph 

shows the correlation between anti-HIV-1 antibody-dependent NK cell activation 

triggered by anti-HIV-1 antibodies within paired pre-ART blood sera and SP. Data 

were analyzed with a Spearman correlation, p<0.05 was considered significant. 

Figure 2. Blocking of anti-HIV-1 antibody-dependent NK cell activation triggered 

by blood and semen antibodies with Fab of the anti-HIV-1 A32 monoclonal 

antibody. NK cells within PBMC were stimulated with CEM.NKr-CCR5 target cells 

coated with HIV-1 gp120 in the presence of a 1:10,000 dilution of blood sera (n=9) or 
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an amount of semen-derived IgG reflective of a 1:10 dilution of seminal plasma (SP) 

(n=9). To assess if SP and blood sera antibodies targeted similar CD4-induced regions 

of HIV-1 envelope, experiments were conducted with gp120-coated CEM.NKr-CCR5 

target cells pre-incubated alone or with 10μg/ml of Fab derived from the anti-HIV-1 

A32 monoclonal antibody. NK cell activation was measured by detection of 

intracellular IFNγ production by flow cytometry. (A) The graph depicts the percent 

inhibition of anti-HIV-1 antibody-dependent NK cell activation triggered by SP-derived 

IgG against gp120-coated CEM.NKr-CCR5 target cells pre-treated or not with A32 

Fab. (B) The graph depicts the percent inhibition of anti-HIV-1 antibody-dependent NK 

cell activation triggered by blood sera against gp120-coated CEM.NKr-CCR5 target 

cells pre-treated or not with A32 Fab. Data were analyzed with Wilcoxon matched 

pairs tests, and p<0.05 was considered significant. Lines on graphs depict the 

medians of data sets. 

Figure 3. Relative capacity of seminal plasma (SP) samples collected prior to 

and following initiation of ART to inhibit direct and antibody-dependent NK cell 

activation. NK cells within PBMC were stimulated directly with 721.221 target cells, 

or 721.221 target cells coated with the Rituximab (RTX) anti-CD20 monoclonal 

antibody. NK cell activation was measured by detection of intracellular IFNγ production 

by flow cytometry. Experiments were conducted in the presence or absence of paired 

SP samples from HIV-1-infected donors, collected prior to (n=11) or following (n=11) 

initiation of ART, to determine the relative ability of the SP samples to inhibit NK cell 

activation. (A) The FACs plots depict the gating protocol implemented to assess NK 

cell activation. Gates identified lymphocytes, single cells, CD56dimCD3- NK cells and 

revealed the proportion of NK cells expressing IFNγ following direct (top) and antibody-
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dependent stimulation (bottom) and in the absence (No SP) or presence (With SP) of 

SP. (B) The graph depicts the relative inhibition of the direct activation of NK cells by 

721.221 target cells by paired SP samples collected prior to and following initiation of 

ART. (C) The graph depicts the relative inhibition of the antibody-dependent activation 

of NK cells by RTX-coated 721.221 target cells by paired SP samples collected prior 

to and following initiation of ART. Data were analyzed with Wilcoxon matched pairs 

tests, and p<0.05 was considered significant.     

Figure 4. Relative capacity of seminal plasma (SP) samples taken during and 

before/after gonorrhea and/or chlamydia infection to inhibit direct and antibody-

dependent NK cell activation. NK cells within PBMC were stimulated with 721.221 

target cells or 721.221 target cells coated with the Rituximab (RTX) anti-CD20 

monoclonal antibody. NK cell activation was measured by detection of intracellular 

IFNγ production by flow cytometry. Stimulations were conducted in the absence of 

presence of paired SP samples collected during (n=9) and before/after (n=9) 

chlamydia (CT) and/or gonorrhea (GC) infection. (A) The graph depicts the relative 

inhibition of direct NK cell activation by paired SP samples collected during and 

before/after chlamydia and/or gonorrhea infection. (B) The graph depicts the relative 

inhibition of antibody-dependent NK cell activation by paired SP samples collected 

during and before/after chlamydia and/or gonorrhea infection. Data were analyzed 

with Wilcoxon matched pairs tests, and p<0.05 was considered significant. Red lines 

indicate samples with urethral infections (U) and black lines indicate samples with 

rectal infections (R).     
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Chapter 5: Characterization of seminal plasma 
components responsible for potent inhibition of NK cell 
activity 
5.1 Introduction 

A majority of new human immunodeficiency virus (HIV-1) infections occur 

following viral exposure at the anogenital mucosa in the presence of semen [47]. 

Semen is a cocktail of immunomodulatory factors and there is speculation that it 

might play an active role in HIV-1 transmission [171]. In support of this contention, 

previous reports have shown that semen, seminal plasma (SP) or purified SP 

factors, such as semen-derived enhancer of virus infection (SEVI), can impact 

the ability of HIV-1 to infect target cells in vitro [194, 205, 210, 212]. Additionally, 

semen might indirectly enhance HIV-1 infectivity at mucosal sites of exposure 

through impacting local anti-viral immune responses. 

Semen contains immunosuppressive factors that are important for creating 

a tolerogenic environment at the female reproductive tract (FRT) and promoting 

successful implantation and pregnancy [reviewed in 176]. Human SP directly 

inhibits activation and cytolysis mediated by cytotoxic CD8+ T lymphocytes (CTL) 

and natural killer (NK) cells in vitro [187, 188, 192]. Although little has been 

established about the effects of semen on anti-HIV-1 cellular immune responses 

at the mucosa, we have previously demonstrated that SP potently suppresses 

HIV-1 specific CTL and anti-HIV-1 antibody-mediated NK cell responses in vitro 

([213], Chapter 2 of this thesis).  

The precise factor(s) responsible for the capacity of semen to inhibit cell-

mediated immune responses is of interest. Several factors present in SP can 

individually suppress NK cell activity in vitro (summarized in section 1.5.1 of this 



 
 

95 
 

thesis introduction). Tarazona et al. (2011) demonstrated that CD48-expressing 

prostasomes in human SP inhibit NK cells by down-regulating CD244 (2B4) 

expression [190]. Semen is also rich in transforming growth factor beta (TGF-β), 

which inhibits NK cell activity by repressing the mTOR pathway [214, 215]. 

Prostaglandin E (PGE) and 19-hydroxy prostaglandin E (19-OH-PGE) have been 

previously linked to SP-mediated inhibition of NK cells [216]. Semen also contains 

various hormones, such as testosterone and 17β-estradiol, which have been 

linked to suppressed NK cell activity in mice [217-219]. 

In addition, semenogelin I and II – the most abundant proteins in SP – 

fragment after ejaculation into various smaller peptides with a wide range of 

immune activity [204, 220]. There are also a wide range of factors present at 

increased concentrations in semen, such as complement components, soluble 

CD52, soluble CD38, ions such as zinc, magnesium and calcium, and an array 

of cytokines, that could potentially modulate various immune functions [221, 222] 

[reviewed in 176, 223]. The majority of the research into SP factors with potential 

immunosuppressive capacity has studied the above factors in isolation, leaving 

the relative importance of the individual components within the complex mix of 

SP unclear. 

We now report a systematic approach to identifying candidate factors 

involved in SP-mediated suppression of NK cell activation. Through a series of 

size exclusion assays, biochemical analyses, affinity assays and mass 

spectrometry we provide several insights into the factor(s) within SP that 

suppress NK cell activation. 
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5.2 Materials and Methods 

5.2.1 Participants 

Whole blood was collected from four HIV-1-uninfected controls, and 

PBMCs were isolated by Ficoll gradient separation (GE Healthcare, Chicago, IL). 

Isolated PBMCs were washed and suspended in RF10 media (RPMI 1640, 

supplemented with 10% FCS, penicillin, streptomycin, and l-glutamine; Life 

Technologies, Grand Island, NY). Blood serum was collected from one HIV-1-

uninfected control. Twelve HIV-1-uninfected SP samples from individual donors 

and one HIV-1-negative SP pool were purchased from BioIVT (Westbury, NY). 

Four HIV-1-infected SP samples and three HIV-1-infected sera samples from 

individuals enrolled in the Opposites Attract study were provided by Prof Andrew 

Grulich and Dr Benjamin Bavinton at the Kirby Institute [224].  

Informed consent was obtained prior to collection and storage of all 

biological samples, and ethics approvals were granted by all participating 

institutions. 

 

5.2.2 Size-based separation of SP samples    

To determine the relative size of the factor(s) within SP responsible for 

inhibiting in vitro NK cell responses, we implemented size exclusion columns. 

Two HIV-1-uninfected SP samples and a pool of HIV-1-uninfected SP were 

diluted 1:10 in PBS, loaded into an Ultracel-10 Amicon Ultra-0.5 centrifugal filter 

unit with a 10kDa-cutoff (Merck, Kenilworth, NJ) and centrifuged at 14,000 x g for 

30 minutes at 4°C. The filtrate was collected and assessed for its ability to inhibit 

NK cell activation, as described below. This process was repeated with six HIV-
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1-uninfected SP samples and an Ultracel-3 Amicon Ultra-0.5 centrifugal filter unit 

with a 3kDa-cutoff. After collection of the filtrate, the filter unit was placed upside 

down in a clean tube and spun at 1,000 x g for 3 minutes at 4°C to collect the 

residue. The collected residues were suspended in a volume of PBS equal to the 

initial volume of diluted SP and assessed for their ability to inhibit in vitro NK cell 

activity. 

 

5.2.3 Heating and pepsin digestion of SP samples    

To explore the stability of the inhibitory factor, one HIV-1-uninfected SP 

sample was diluted 1:10 in PBS and then heated for 10 minutes in a water bath 

at 100°C. The ability of the heated SP to inhibit NK cell activity was assessed in 

functional assays, as described below.  

To assess if the inhibitory factor was a protein, three HIV-1-uninfected SP 

samples (final dilution 1:10) were digested, in the presence of acetic acid, with 

pepsin immobilized onto agarose resin (ThermoFisher Scientific, Waltham, MA). 

Digestions were conducted for 24 hours on a shaker at 37°C and at pH 4.5. The 

resin was removed from digested SP samples by centrifugation at 1,000 x g for 5 

minutes. Total protein concentration of digested and untreated SP samples were 

quantified using the Pierce BCA protein assay kit (ThermoFisher Scientific). 

Western blot was also employed to visualize the degree of digestion of the SP 

samples. SP samples were run on a mini-protein TGX precast gel, 4-15% (Bio-

Rad, Hercules, CA) and visualized using Sypro Ruby protein gel stain 

(ThermoFisher Scientific). 
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5.2.4 Stripping SP samples with activated charcoal    

Activated charcoal was used to strip small polar and non-polar metabolites 

from five HIV-1-uninfected SP samples and a pool of HIV-1-uninfected SP. 

Briefly, 2mg of dextran-coated activated charcoal (Sigma-Aldrich, St. Louis, MO) 

was added to tubes containing 100µl of SP samples diluted 1:10 in PBS. These 

mixtures were incubated for 24 hours on a shaker at 4°C. Following incubation, 

tubes were centrifuged at 2,000 x g for 15 minutes at 4°C and the supernatant 

was transferred to a fresh tube. This process was repeated twice more prior to 

using the stripped samples in functional assays. 

 

5.2.5 Folch extraction of SP samples    

Folch extraction was implemented to separate SP components based on 

polarity [225]. Briefly, nine HIV-1-uninfected SP samples were diluted 1:10 in 

distilled water (40µl + 360µl). Next, 600µl of methanol and 200µl of chloroform 

were added to the solution, which was then vigorously agitated for 1 minute and 

incubated on ice for 10 minutes with regular mixing at 2 minute intervals. 

Following incubation, tubes were centrifuged at 20,000 x g for 5 minutes at 4°C 

and the monophasic supernatants were transferred to a fresh tube on ice. Next, 

400µl of distilled water was added to the monophasic supernatant, resulting in a 

final ratio of 1:3:3 (chloroform:methanol:water), and the solutions were vigorously 

agitated for 1 minute. The tubes were then spun at 20,000 x g for 5 minutes at 

4°C. The upper aqueous layers of the mixtures were transferred to fresh tubes.  

As our earlier findings suggested the inhibitory factor(s) within SP was likely not 

a protein, the precipitated protein interfaces were discarded. The bottom 

hydrophobic layer was also transferred to a fresh tube. Both the aqueous and 
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hydrophobic SP fractions were then dried at 90°C using a heat block, before 

being resuspended in water and chloroform back to 400 µl (i.e., the initial volume 

of the 1:10 final dilution of SP) and utilized in functional assays assessing NK cell 

activity. 

An additional lipid-biased Folch extraction was performed with three HIV-

1-uninfected SP samples [226]. This extraction started with 40µl of undiluted SP, 

which was mixed with 400µl of methanol and 800µl of chloroform. Steps were 

followed as described above, with the exception that only 20µl of distilled water 

was added to the monophasic supernatant to achieve a final ratio of 40:20:3 

(chloroform:methanol:water). Subsequently, only the hydrophobic SP fractions 

were collected and dried at 90°C. Following drying, fractions were suspended in 

400µl of chloroform (1:10 final dilution) and implemented in functional assays 

assessing NK cell activity. 

 

5.2.6 Preparation of SP samples for mass spectrometry by solid phase 

extraction (SPE) plate    

To further fractionate and clean up the SP samples for downstream mass 

spectrometry analysis, EVOLUTE® EXPRESS ABN SPE phase 96-well plates 

were purchased from Biotage (Uppsala, Sweden). Following initial optimization 

experiments (data not shown) the following process was selected. First, 400µl of 

aqueous fractions of samples (1:10 final dilution) collected via Folch extraction as 

above were loaded into the wells of the ABN SPE plate. Samples were allowed 

to pass through the column by gravity for 15 minutes, with vacuum manifold only 

being applied at the end to completely remove all fluid from the wells. The flow-
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throughs were collected in a collection plate and reloaded back into the respective 

wells twice, after which the flow-throughs were transferred into clean tubes. The 

wells were then washed twice with 1ml of distilled water and the flow-throughs 

(F1) were collected in a new collection plate. Next, wells were washed twice with 

1ml of 5% methanol in distilled water, and again the flow-throughs (F2) were 

collected. Subsequently, wells were eluted twice with 1ml of 60% methanol in 

distilled water (F3), before being eluted twice with 1ml of 100% methanol (F4). 

Finally, all the respective flow-throughs and elutes (F1-F4) were dried on a heat 

block at 90°C, before being suspended in distilled water at the initial loading 

volume (400µl) and used in functional assays assessing NK cell activity. In total, 

three HIV-1-uninfected SP samples and one HIV-1-infected SP sample, as well 

as three HIV-1-infected sera samples and one HIV-1-uninfected serum sample 

were processed through the ABN SPE phase plate.  

 

5.2.7 Analysis of SP fractions by liquid chromatography mass spectrometry 

(LCMS)    

Mass spectrometry was performed at the Monash Institute of 

Pharmaceutical Sciences (MIPS; collaboration with Dr Darren Creek) to identify 

putative inhibitory factors present in the F3 fraction of SP samples. The F2-F4 

fractions from three HIV-1-uninfected SP samples and one HIV-1-infected SP 

sample, as well as the F3 fractions from three HIV-1-infected sera samples and 

one HIV-1-uninfected serum sample were analyzed. These 16 samples were 

analyzed in the SeQuant pZIC-hydrophilic interaction liquid chromatography 

(HILIC) column, at a m/z (mass-to-charge ratio) range of 85–1275m/z, with 

polarity switching (positive/negative) and a run time of 32 minutes. Subsequent 
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analysis was done on the IDEOM. In total, 900 putative metabolites and 

approximately 350 unidentified species were detected. To discern factors 

enriched in the SP F3 fraction, metabolites present in the SP F3 fraction were 

cross-referenced against the other 3  fractions analyzed (SP F2, SP F4 and 

Serum F3). Metabolites detected in the F2 and F4 SP fractions, as well F3 serum 

fractions, at more than 10% that detected in the F3 SP fraction were filtered out. 

 

5.2.8 Pulsing of CEM.NKr-CCR5 with gp120    

As previously described, CEM.NKr-CCR5 cells were labelled with 3μg/ml 

HIV-1Bal gp120 (Both obtained from the NIH AIDS Reagent Program) and 

incubated for 90 minutes at 4°C [66]. Uncoated cells, used as controls, were also 

incubated for 90 minutes at 4°C. Following incubation, cells were washed and 

suspended in RF10. 

 

5.2.9 Coating of 721.221 target cells with Rituximab    

The class I major histocompatibility complex (MHC-I or HLA-I) devoid 

721.221 B cell line are a known target for anti-CD20 antibody mediated NK cell 

activation and killing (a kind gift from Prof Andrew Brooks, Department of 

Microbiology and Immunology, University of Melbourne) [227]. 721.221 cells were 

suspended at 1 x 106 cells/ml in RF10 and incubated with 5 μg/ml anti-CD20 

monoclonal antibody (Rituximab [RTX]; Roche, Dee Why, NSW, Australia) for 1 

hour at 4°C. After incubation, cells were washed and suspended in RF10. 
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5.2.10  NK cell activation assays 

NK cells were activated by incubation of 1x105 Rituximab-coated 721.221 

target cells with 1x106 PBMCs. Whole, treated or fractionated HIV-1-infected or 

HIV-1-uninfected SP were diluted in RF10 (1:100) and added to assay conditions 

assessing SP-mediated suppression of NK cell responses. Brefeldin A (5μg/ml, 

Sigma-Aldrich) and 5μg/ml monensin (BD Biosciences, Franklin lakes, NJ) were 

included in the cultures, which were incubated for 5 hours at 37°C with 5% CO2. 

Following incubation, cells were stained with anti-human CD3 PerCP (clone SK7; 

BD Biosciences) and anti-human CD56 PE Cy7 (clone NCAM16.2; BD 

Biosciences) for 30 minutes at room temperature in the dark. Next, cells were 

fixed with 1% formaldehyde (Sigma-Aldrich) for 10 minutes before being 

permeabilized by 1×FACS permeabilizing solution 2 for 10 minutes (BD 

Biosciences). Cells were then stained for 1 hour at room temperature with anti-

human IFN-γ AF700 (clone B27; BD Biosciences). Finally, cells were fixed with 

1% formaldehyde and acquired by LSR Fortessa flow cytometer. 

To measure anti-HIV-1 antibody-dependent NK cell activation, we 

incubated 1x105 gp120-coated CEM.NKr-CCR5 cells with 1x106 PBMC in the 

presence or absence of a 1:1000 dilution of pooled HIV immunoglobulin (HIVIg) 

(NIH AIDS Reagent Program). To assess the ability of SP to modulate anti-HIV-

1 antibody-dependent NK cell activation, HIV-1-uninfected SP was included in 

cultures. In control wells lacking SP, RF10 was added instead. The remainder of 

the assay set up, incubation, processing and acquisition were completed as 

described above.  
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5.2.11  Statistical analysis 

All data analyses were conducted using Graphpad Prism version 7.0. 

Paired Data sets were compared using two-tailed Wilcoxon matched pairs tests. 

Group analysis was conducted using non-parametric Friedman test. Differences 

between the groups were considered significant when p < 0.05. Data throughout 

are presented in the [median (range)] format. Unless otherwise stated, data 

presented describes % inhibition of NK cell activation. 
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5.3 Results 

5.3.1 Inhibitory SP factor(s) is smaller than 10kDa 

To gauge the relative size of the factor(s) responsible for SP mediated 

suppression of NK cell responses, we filtered two HIV-1-uninfected SP samples 

and one HIV-1-uninfected SP pool through Amicon filter units with a 10kDa cutoff. 

The 10kDa SP filtrates were collected and compared against untreated SP 

samples for their ability to inhibit anti-HIV-1 antibody-dependent NK cell activation 

following stimulation with gp120-pulsed CEM.NKr-CCR5 target cells in the 

presence of HIVIg (Figure 1A). We did not observe a dramatic loss in the 

inhibitory capacity of 10kDa SP filtrates compared to untreated SP samples 

[70.7% (69.3%–73.1) vs 77.6% (74.2%–78.4%)] (Figure 1B). These data indicate 

that the SP factor(s) responsible for inhibiting NK cells is smaller than 10kDa. 

 

5.3.2 Inhibitory SP factor(s) is likely smaller than 3kDa 

To further characterize the size of the factor(s) involved in SP mediated 

suppression of NK cells, we filtered six HIV-1-uninfected SP samples through 

Amicon filter units with a 3kDa cutoff. The 3kDa SP filtrates and residues were 

collected and compared against untreated SP samples for their ability to inhibit 

NK cell activation against rituximab-coated 721.221 cells (Figure 1C). While no 

dramatic differences in inhibition of NK cell activation were observed between the 

untreated SP [26.7% (20.7%–30.3%)] and the 3kDa SP filtrate [23.1% (19.5%–

30.3%); p>0.99], a dramatic but non-significant loss in inhibition of NK cell 

activation was observed for the 3kDa SP residue fraction [0.6% (0.0%–19.4%); 

p=0.08] (Figure 1D).  
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Figure 1. Effects of size-based separation on SP samples. (A, C) Purified NK cells from a HIV-

1-uninfected donor were incubated with gp120-pulsed CEM.NKr-CCR5 cells in the presence or 

absence of a 1:100 final dilution of untreated SP or 10kDa SP filtrates. (B, D) Freshly isolated 

PBMCs from a HIV-1-uninfected donor were incubated with RTX-coated 721.221 cells in the 

presence of a 1:100 final dilution of untreated SP, 3kDa SP filtrates, or 3kDa SP residues. (A, B) 

Fluorescence-activated cell sorting (FACs) plots depict the gating strategy used to define CD3-

CD56dim NK cells, as well as to assess their activation as measured by intracellular expression of 

IFNγ. (C) The graph depicts the % inhibition of IFNγ production by NK cells in the presence of 

untreated SP or 10kDa SP filtrate. (D) The graph depicts the % inhibition of IFNγ production by 
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NK cells in the presence of untreated SP, 3kDa SP filtrate or 3kDa SP residue. Points on the 

graphs represent individual SP donors. Statistical analysis used a non-parametric Friedman test. 

Notably, we did observe that the residue fraction for 1 SP sample still 

remained potently inhibitory. It is unknown if this observation is due to the 

presence of inhibitory factor(s) larger than 3kDa, or if this particular SP sample 

clogged the filter and prevented efficient filtration. These data, however, suggest 

that the SP factor(s) capable of inhibiting NK cell activation is likely smaller than 

3kDa. 

 

5.3.3 Inhibitory SP factor(s) is likely not a protein / peptide 

SP contains a large number of small immunomodulatory proteins and 

peptides, as such we next assessed if SP mediated inhibition of NK cell activation 

was due to proteins and/or peptides. First, the stability of the factor(s) responsible 

for SP mediated inhibition of NK cells was assessed by exposing an aliquot of 

HIV-1-uninfected SP to a 100°C water bath for 10 minutes. Despite heating, the 

treated SP was still capable of inhibiting NK cells as well as an untreated control 

(86.7% vs 90.3%, Figure 2A). To further probe if the SP factor(s) responsible for 

inhibiting NK cell activation in vitro was a protein, we digested 3 aliquots of SP 

with immobilized pepsin resin. The successful digestion of samples by pepsin 

was illustrated by drops in BCA readings as well as weaker bands on western 

blots (Figure 2B). SP digested with pepsin did not exhibit a reduced capacity to 

inhibit NK cell activation as compared to undigested controls [65.2% (63.1%–

74.3%) vs 55.2% (50.3%–60.0%)] (Figure 2C). These experiments suggest that 

the inhibitory SP factor(s) is likely not a protein.  
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Figure 2. Inhibitory SP factor(s) is likely a non-protein metabolite that can be adsorbed by 

activated charcoal. (A, C, D) Freshly isolated PBMCs from a HIV-1-uninfected donor were 

incubated with RTX-coated 721.221 cells in the presence of a 1:100 final dilution of untreated SP 

or treated SP. (A) The graph depicts the % inhibition of IFNγ production by NK cells in the 

presence of untreated SP or heat-treated SP. (B) The digestive effect of pepsin on SP samples 

was measured using the BCA assay, as well as visualized using western blot. (C) The graph 

depicts the % inhibition of IFNγ production by NK cells in the presence of untreated SP or pepsin-

treated SP. (D) The graph depicts the % inhibition of IFNγ production by NK cells in the presence 

of untreated SP or charcoal-stripped SP. Points on the graphs represent individual SP donors. 

Statistical significance was assessed with a non-parametric Wilcoxon paired test.  
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5.3.4 Inhibitory activity of SP is stripped by activated charcoal 

In addition to proteins and peptides, SP contains an array of hormones 

and moderately polar molecules [reviewed in 209, 228, 229]. Activated charcoal 

non-specifically adsorbs a range of small moderately-polar to non-polar 

metabolites within its pores, and is commonly used in the preparation of hormone-

free sera [230, 231]. As such, we next investigated if we could strip the inhibitory 

activity from SP using activated charcoal. SP samples stripped thrice with 

activated charcoal displayed a loss in the capacity to inhibit NK cell activation as 

compared to untreated controls [17.0% (6.7%–23.8%) vs 47.0% (42.3%–67.8%); 

p=0.03, Figure 2D]. These data suggest the SP factor(s) responsible for inhibiting 

NK cell activation could be a small moderately-polar to non-polar metabolite. 

 

5.3.5 Inhibitory SP factor(s) is present in the aqueous fraction following Folch 

extraction 

To investigate further if the SP factor(s) responsible for inhibiting NK cell 

activation in vitro is a moderately-polar or a non-polar molecule, we performed a 

modified Folch extraction on 3 HIV-1-uninfected SP samples. Using this method 

we precipitated large proteins from solution. Furthermore, we separated polar 

molecules into the aqueous fraction and confined hydrophobic non-polar 

molecules to the organic fraction. The aqueous (Aq) and organic (Og) SP 

fractions were collected separately, dried at 90°C, and suspended back to their 

original volumes in water and chloroform, respectively.  

As the modified Folch extraction used favored the extraction of polar 

molecules, we also performed a separate protocol favoring the extraction of 
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hydrophobic lipids (Lipid Ext.) using three HIV-1-uninfected SP samples. When 

compared to untreated SP controls [54.3% (54.1%–56.9%)], we found that the 

ability to inhibit NK cells was retained by the Aq SP fraction [64.6% (51.0%–

68.7%); p>0.99]. Both the Og SP fraction [0.0% (0.0%–0.0%)] and the lipid Ext. 

fraction [0.5% (0.0%–5.5%)] lost the ability to suppress NK cell activation (Figure 

3A).  

Interestingly, when we expanded the assay across 6 HIV-1-uninfected SP 

donors, we found that the Aq SP fractions were more inhibitory than untreated 

SP controls [40.8% (34.3%–47.4%) vs 25.7% (20.3%–29.7%); p=0.03] (Figure 

3B). We speculate that this could be due to the removal of SP factors capable of 

contributing to NK cell activation or weakening the suppressive potential of 

inhibitory factors. 

  



 
 

110 
 

 

 

Figure 3. Inhibitory SP factor(s) is present in the aqueous fraction following Folch 

extraction. (A,B) Freshly isolated PBMCs from a HIV-1-uninfected donor were incubated with 

RTX-coated 721.221 cells in the presence of a 1:100 final dilution of untreated SP or SP fractions 

obtained following Folch extraction. (A) The graph depicts the % inhibition of IFNγ production by 

NK cells in the presence of untreated SP, or the Aqueous (Aq), Organic (Og) and Lipid (Lipid Ext.) 

fractions obtained following Folch extraction. (B) The graph depicts the % inhibition of IFNγ 

production by NK cells in the presence of untreated SP or the Aq SP fraction. Points on the graphs 

represent individual SP donors. Statistical significance was assessed using a non-parametric 

Wilcoxon paired test. 

 

5.3.6 Inhibitory SP factor(s) is likely a moderately-polar molecule 

To clean up the aqueous SP fractions for analysis with mass spectrometry 

and further characterize candidate inhibitory factors on the basis of polarity, we 

next processed Aq SP fractions using ABN SPE columns. The ABN SPE columns 

have a 4nm pore size. These columns are capable of balanced polar and non-

polar interactions, allowing binding of a wide range of factors within SP fractions. 

Using these columns allowed us to further separate SP samples into fractions 

across a wider range of polarity, through step-wise washes and elutions using 
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buffers of increasing polarity (% water : % methanol). After initial titration 

experiments (data not shown), we established a protocol to wash and elute the 

inhibitory SP factor(s) from the columns. First, the columns were washed twice 

with 100% water (SP F1), followed by two washes with 95% water : 5% methanol 

(SP F2). We then eluted the inhibitory SP factor(s) with a 40% water : 60% 

methanol solution (SP F3). Lastly, we eluted all the remaining factors still bound 

to the column using 100% methanol (SP F4).  

In total, three HIV-1-uninfected and one HIV-1-infected SP samples were 

processed using the above protocol. Fractions collected from the ABN SPE 

columns were assessed for their ability to inhibit NK cell activation. Contrary to 

the other fractions (i.e. SP F1, SP F2, SP F4) collected from the ABN SPE 

columns, SP F3 showed potent suppression of NK cell activation; comparable to 

that observed with autologous Aq SP fractions [49.2% (36.0%–65.5%) vs 56.7% 

(52.2%–66.9%)] (Figure 4). That the SP inhibitory factor(s) was eluted within SP 

F3, instead of requiring 100% methanol (SP F4), supports the notion that the 

factor(s) is a moderately polar molecule. Aq fractions obtained from the sera of 

one HIV-1-uninfected and three HIV-1-infected individuals were also processed 

through the ABN column as negative controls. Serum F3 fractions did not inhibit 

NK cell activation to a similar degree as the F3 fraction of SP (Figure 4). 
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Figure 4. Inhibitory SP factor(s) is likely a moderately polar metabolite enriched in SP F3. 

Following Folch extraction, Aq fractions were cleaned up and further fractionated using the SPE 

ABN columns in preparation for mass spectrometry analysis. After samples were loaded, the 

columns were washed and eluted in a step-wise fashion using buffers of increasing polarity to 

obtained fractions F1-F4.  Freshly isolated PBMCs from a HIV-1-uninfected donor were incubated 

with RTX-coated 721.221 cells in the presence of a 1:100 final dilution of four SP samples or 

serum fractions. The graph depicts the % inhibition of IFNγ production by NK cells in the presence 

of fractions (SP F1-F4, Serum F3) obtained from the SPE ABN columns or the Aq SP fractions 

obtained during the prior Folch extraction. Points on the graphs represent individual SP donors. 

 

5.3.7 Short-listed metabolites following mass spectrometry analysis 

Mass spectrometry analysis was performed on the ABN SPE fractionated 

samples. To select candidate molecules that appeared only in the fraction of 

interest (SP F3), we analyzed the SP F2, F3 and F4  elutes from the four SP 

samples, as well as the F3 elute from the four sera samples. The results from SP 

F2, SP F4 and sera F3 fractions were compared to the SP F3 fraction. Hits 

appearing on average at less than 10% abundance in each of the other 3 fractions 

(F2 SP, F4 SP, F3 serum), as compared to the SP F3 fraction, were short-listed. 
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This process identified 27 putative metabolites and 33 unknown species (Figure 

5).  

As the inhibitory factor(s) was expected to be present across SP F3 

fractions from all 4 donors, we next excluded hits that were not detected in any 

one of the 4 F3 fractions (Figure 5). In addition, IDEOM also assigns a confidence 

score to the putative identification of each hit with regards its characteristics 

(mass, retention time, formula) as referenced from the metabolite database. A 

confidence score of 10 is a confirmed identity based on authentic standards, while 

a low confidence score of below 5 suggested that the hit was likely an unspecified 

fragment of a larger molecule that degraded over the handling process.  As such, 

we also excluded hits with a confidence score below 5 (Figure 5).  

An additional two hits were likely derivatives of synthetic antibiotics – 

pleuromutilin and tuberactinomycin O. Given that the inhibitory SP factor(s) is 

likely naturally occurring in the body, these two hits were also excluded (Figure 

5). Finally, metabolites exhibiting at least two individual raw readings from the SP 

F3 fraction that were lower than any two individual readings from the other three 

analyzed fractions (SP F2, SP F4, and Serum F3) were manually excluded, 

leaving 15 putative metabolites (Figure 5).  
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Figure 5. Strategy used to narrow down the hits obtained from the mass spectrometry 

analysis. Data obtained from mass spectrometry analysis was imported into IDEOM for analysis. 

Hits originating from SP F3 was compared against those obtained from the other three analyzed 

fractions (SP F2, SP F4 and Serum F3). Hits were filtered to select for naturally occurring putative 

metabolites enriched exclusively in the F3 fraction of all 4 SP samples. 

 

It should be noted that all of the 15 putative metabolites contained oxygen 

molecules and most had a HILIC retention time (time taken for a solute to pass 
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through the column) of between 3-4 minutes, as compared to highly polar 

metabolites and sugars that are usually eluted within the first minute (Table 1). 

This again supports that the inhibitory SP factor(s) being moderately polar.  

Most of the 15 putative metabolites can be grouped into 4 families (Table 

1). Polar eicosanoids, such as isomers of prostaglandins, prostadienoic acid and 

prostatetraenoic acid were most abundant in our fraction of interest. Isomers of 

glycerophosphocholines (GPCs) were also found in relatively high abundance. 

Next, polar metabolites of retinol were noted, such as isomers of retinoic acid and 

dehydroretinal. Finally, we detected several polar steroids, such as estradiol-17β. 

There were also several candidates that were not part of the above mentioned 

families and only detected structurally in 1-2 isomer forms, but were identified 

with high confidence scores (>5). 
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Table 1. List of the 15 putative metabolites enriched exclusively in SP F3. Strategy used to 

narrow down hits resulted in 15 putative metabolites. Values for mass and retention time (RT) are 

as quantified during the mass spectrometry analysis. Chemical formulas, isomers, confidence 

scores and predicted primary metabolites are as cross-referenced by IDEOM against known 

databases. The average max intensity of each hit was obtained by comparing the amount of 

detected events for each hit against the total sum of detected events within each sample. Putative 

metabolites have been grouped, where possible, by colour – eicosanoids (green); 

glycerophosphocholines (orange); retinol derivatives (yellow); steroids (blue). 
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5.4 Discussion 

The capacity of SP to modulate immune responses plays an important role 

in establishing tolerance to foreign male antigens at the FRT [reviewed in 176]. 

While appreciated for its role in reproductive biology, little is known about the 

capacity of SP to dampen the immune response to invading foreign pathogens. 

We have previously shown SP to potently inhibit in vitro anti-HIV-1 responses by 

NK cells and T cells [213]. We now report insights into the factors within SP 

potentially responsible for suppressing NK cell activation. 

Previous reports have linked SP mediated NK cell suppression to larger 

constituents, such as prostasomes and TGF-β [190, 215]. To the contrary, we 

now show that the inhibitory factor(s) within SP is a heat-stable, moderately-polar 

factor that is possibly smaller than 3kDa. Supporting this hypothesis, the short-

listed putative SP candidates from the LCMS analysis are mostly small (<700Da) 

moderately polar metabolites with inhibitory functions. Indeed, putative inhibitory 

molecules include polar derivatives of eicosanoids, steroid hormones and retinol. 

Our current observations are largely consistent with work done by Kelly et 

al. (1989; 1993; 1994) demonstrating SP PGE and 19-OH PGE to suppress NK 

cell activity against target cells [191, 232, 233]. In particularly, reverse-phase high 

performance liquid chromatography (HPLC) was implemented to demonstrate 

that the major suppressive factors in SP were present in the same fractions 

containing PGEs. Furthermore, stripping SP of lipids using affinity columns 

nullified its suppressive effects. The authors, however, observed strong 

suppression of NK cell activity by SP fractions containing decreased 

concentrations of PGE. While this observation could be attributed to structurally 
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different eicosanoids isomers, it is possible that a separate inhibitory factor(s) 

sharing similar biochemical properties to PGE could be involved. 

The current findings suggest that even though eicosanoids and particularly 

prostaglandins are present in abundance within the aqueous fraction of SP, 

molecules from several other classes sharing similar masses and retention times 

in the HILIC are also present. While it remains to be seen if reversed-phase 

separation might improve the resolution of eicosanoids from these other inhibitory 

factors, it is possible that other biochemically-similar inhibitory factors could be 

enriched in fractions selecting for eicosanoids. 

Similar to prostaglandins, many of the putative metabolites identified within 

the immunosuppressive SP fraction (i.e., F3) have also been shown to inhibit 

lymphocyte activity directly. GPC present in gonadal fluid have been found to be 

immunosuppressive towards T-cell proliferation and can induce apoptosis of 

these cells [234]. Retinoic acid has been demonstrated to inhibit a wide range of 

immune cells, including T-cells and NK cells [reviewed in 235]. Retinoic acid also 

induces the generation of FoxP3+ regulatory T cells (Tregs). 

Isopentenyladenosine has been associated with decreased NK cell functionality 

and cytotoxicity [236]. NK cell cytotoxicity is suppressed by 17β-estradiol [237]. 

As such, the presence of these metabolites in the immunosuppressive fraction of 

SP could also be driving the in vitro suppression of NK cell activation. To clarify 

the factor(s) responsible for the observed inhibition of NK cell activation, 

metabolite-specific antagonists can be employed. 

Given that the inhibitory factor within SP is possibly a small moderately-

polar metabolite, we speculate that the inhibitory factor should be readily 
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permeable at the mucosa. Murine experiments administering radiolabeled 

estradiol to male mice prior to coitus demonstrated that small metabolites such 

as estradiol are readily transferred to the female partner via semen [238]. 

Estradiol within semen was rapidly absorbed by female mice after mating, 

disseminating throughout local tissues and reaching distal organs. As such, the 

SP factor(s) responsible for inhibiting NK cell activation could have wide-acting 

immunomodulatory effects that could hamper immune responses to pathogens 

entering the host across anogenital mucosa. This possibility has implications for 

sexually acquired infections, such as chlamydia, gonorrhea and HIV-1. Identifying 

immunosuppressive factors within SP and determining if these factors interfere 

with immune responses to sexually transmitted pathogens in vivo could have 

implications for successfully designing vaccines that provide protection in the 

context of sexual expose to pathogens within semen.  

In summary, we identify several bio-physical properties of the putative 

factor(s) within SP capable of inhibiting NK cell activation. These properties 

suggest the inhibitory factor(s) to be heat-stable, moderately-polar and smaller 

than 3kda. Mass spectrometry of fractionated SP identified putative metabolites 

possibly responsible for the observed inhibition of NK cells. Identifying the 

factor(s) involved in inhibiting NK cell activation will allow for the design of 

experiments to assess the in vivo importance of SP-mediated 

immunosuppression for pathogen infectivity and vaccine utility.  
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Chapter 6: 

General Discussion 
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Chapter 6: General Discussion 
Exposure at the anogenital mucosa in the presence of semen remains a 

major route of new HIV-1 transmissions [47]. In addition to being a vehicle for 

STIs, semen is also a potent modulator of cellular immune responses at the 

mucosa, playing a vital role in promoting tolerance towards foreign male antigens 

in preparation for pregnancy [176]. As such, we hypothesized that the presence 

of SP would inhibit cellular immune responses with relevance to HIV-1 

prevention. This thesis explored the impact of SP on various anti-HIV-1 cellular 

immune responses. 

NK cells and T cells are thought to be important for achieving protection 

against HIV-1 infection. As such, in Chapter 2 we assessed the impact of SP on 

these lymphocytes. Low concentrations of SP potently suppressed both direct 

activation (i.e., missing-self response to 721.221 target cells) as well as anti-

CD20 antibody-mediated (i.e., stimulation with Rituximab-coated 721.221 target 

cells) activation of NK cells. Consistent with its ability to decrease levels of 

activation, SP (1:1000 final dilution) also dampened NK-mediated killing of 

721.221 target cells via direct cytolysis and ADCC. SP also inhibited HIV-1-

specific antibody-mediated activation of NK cells in a dose-dependent manner. 

Likewise, SP (1:1000 final dilution) suppressed NK cell-mediated HIV-1-specific 

ADCC. Immunosuppression mediated by SP also extended to CTLs. Low 

concentrations of SP (1:100 final dilution) dampened CTL activation towards SEB 

and HIV-1 15-mer Gag peptide pool. In addition, SP also inhibited CTL-mediated 

killing of P815 target cells (1:1000 final dilution). Cumulatively, these data 

demonstrate SP to mediate strong suppression of anti-HIV-1 responses by 

lymphocytes. 
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Next, we investigated the effects of SP on phagocytes, namely monocytes 

and neutrophils (Chapter 3). These cell types are potentially important to 

achieving protection from HIV-1 through their capacity to mediate ADP [67-69]. 

While low concentrations of SP were sufficient to inhibit NK cells and CTL, much 

higher concentrations of SP (1:10 and 1:2 final dilutions respectively) were 

needed to inhibit phagocytosis of E. coli by granulocytes and monocytes. 

Similarly, decreased oxidative burst responses by both granulocytes and 

monocytes against E. coli were observed in the presence of high concentrations 

of SP (1:10 final dilution). Furthermore, HIV-1-specific antibody-mediated 

responses by monocytes and purified neutrophils were only inhibited by SP used 

at a 1:2 final dilution. These data highlight the possibility that physiologically 

relevant concentrations of SP might be insufficient to inhibit the functions of 

phagocytes.  

 Given that SP suppressed anti-HIV-1 cellular immune responses in vitro, 

we investigated if the immunomodulatory properties of SP were influenced by 

active HIV-1 or bacterial infections. We obtained paired blood sera and SP 

samples collected for the Opposites Attract trial (Chapter 4). Using paired SP 

samples from times pre- and post-ART or in the present or absence of a bacterial 

STI (i.e., gonorrhea and/or chlamydia) we noted that active bacterial or HIV-1 

infections did not alter the capacity of SP to inhibit NK cell activation. Access to 

paired blood sera and SP samples also allowed us to characterize anti-HIV-1 

antibodies in SP. We noted anti-HIV-1 antibodies in SP to be similar to those 

found in the sera of matched donors. Indeed, we noted a positive correlation 

between the antibody-dependent NK cell activation triggered by paired SP and 

blood sera samples. Lastly, anti-HIV-1 antibody-dependent responses mediated 
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by both SP and blood sera were blocked by the A32 monoclonal antibody, which 

targets a CD4-induced cluster A epitope.  

Given that SP suppressed several anti-HIV-1 responses, it is of interest to 

identify the factors involved. As such, we now present a body of work designed 

to narrow down the identity of the SP factor(s) responsible for 

immunosuppression (Chapter 5). In particular, this work focused on the inhibition 

of responses mediated by NK cells. Through a series of size exclusion 

experiments, biochemical separations and mass spectrometry analyses, we 

identified 15 SP immunosuppressive factor candidates. These candidates were 

largely comprised of four major families: retinols (vitamin A-derivatives), 

glycerophosphocholines, steroid hormones (estradiol) and eicosanoids 

(prostaglandins). This work establishes a basis for future experiments to define 

the key factor(s) associated with SP-associated immunosuppression. 

The findings presented in this thesis highlight SP to exhibit wide acting 

suppressive effects of various immune responses of potential importance for 

preventing HIV-1 infection. Despite these advances, we recognize much work 

remains to be done to elucidate the role of SP in determining the efficacy of HIV-

1 transmission and the potency of anti-HIV-1 immune responses at sites of 

exposure. This discussion integrates the work presented in this thesis with recent 

literature, with the goal of highlighting outstanding research opportunities. 

 

6.1 Impact of SP factors on HIV-1 infection of human explant models 

The work presented in this thesis demonstrates that SP directly modulates 

cellular immune responses of isolated blood immune cells. While blood is a 
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convenient model, these findings might not accurately reflect the impact of SP on 

mucosal responses. Indeed, the functional responses of immune cells found in 

the blood could differ from those mediated by mucosal resident cells. As 

previously described in sections 1.3 and 1.4, mucosal surfaces contain 

specialized groups of resident immune cells such uterine NK cells. In addition, 

while blood monocytes are related to tissue macrophages, phenotypic and 

functional differences exist between these cells [239]. As such, it will be useful to 

treat explants obtained from the rectum, FRT and penile foreskin with SP and 

subsequently study the functional responses of the immune cells present. 

Exposure to semen at the mucosa is further complicated by the presence 

of non-immune cells. As mentioned in section 1.4.1, SP acts on mucosal epithelial 

cells. Introini et al. (2017) demonstrated that application of SP to the epithelium 

of ectocervical explants upregulated pro-inflammatory and growth factors within 

4 hours [194]. Semen-induced inflammation was speculated to directly enhance 

HIV-1 infection of the ectocervical explants. Reproductive biology research has 

also shown SP to stimulate the epithelial layer of the FRT to release pro-

inflammatory signals [183-185]. Within this thesis we have demonstrated SP to 

inhibit several cellular immune responses. A caveat to these observations is that 

the experiments were conducted in the absence of epithelial cells. The ability of 

SP to trigger the release of pro-inflammatory factors from epithelial cells might 

influence the degree to which immune responses are inhibited following exposure 

to SP. Importantly, however, we have noted inhibition of phagocytes by SP to 

occur rapidily (i.e., within 20 minutes; Chapter 3). It would be of interest to study 

the temporal effects of SP application on explants to determine the kinetics of SP-

driven epithelial cell activation and leukocyte suppression. 
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In addition to activating epithelial cells, SP also compromises the epithelial 

barrier by increasing paracellular leakiness [240]. This increased leakiness might 

facilitate the transfer of free viruses, as well as cell-associated viruses, and in turn 

promote HIV-1 infection. Increased paracellular leakiness could also allow 

inhibitory factors in SP to diffuse deeper into mucosa, affecting immune cells 

present. We show in Chapters 2 and 3 that varying concentrations of SP are 

needed to inhibit lymphocytes and phagocytes, respectively. As such, this could 

be further explored by using fluorescently labeled SP inhibitory factors studying 

the depth of penetration using tissue microscopy. SP-treated explants could also 

be digested to recover immune cells to assess their potential for activation. 

SP factors such as SEVI have been shown to directly enhance virus 

binding to cells in culture [205]. In combination with observations of semen-

induced inflammation and SP’s potential to increase paracellular leakiness, data 

from in vitro experiments seem to suggest that SP could enhance HIV-1 infection. 

As mentioned above, Introini et al. (2017) recently published that human SP 

enhanced HIV-1 replication in human cervical explants [194]. Unpublished data 

from Cavarelli et al. (CEA, France) also supports these observations, with the 

presence of macaque semen enhancing the infectivity of macaque explants [212]. 

On the contrary, the presence of pooled human SP did not have a profound effect 

on vaginal virus transmission or penetration in macaque challenge studies [172, 

241]. While pooled human SP is more convenient to obtain and work with, it is 

unclear if these differences in observations are due to species-specific 

interactions between SP and the mucosal tissue. 

Another variable currently missing in our in vitro experiments is the 

presence of mucosal secretions from the site of contact, such as rectal and 
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vaginal secretions. The addition of these mucosal secretions to experiments 

evaluating the immunosuppressive capacity of SP would introduce additional 

factors, such as lactic acid, microbial components and changes in pH, that could 

influence the overall immunosuppressive nature of SP [132]. The presence of 

mucosal secretions on the epithelium of explants could also interfere with the 

semen-induced inflammation reported by Introini et al. (2017) [194].  Furthermore, 

while the presence of Lactobacillus and lactic acid have been shown to inhibit 

HIV-1 replication in human tissue explants, not much is known about the potential 

of SP to interfere with this observed protection [242]. These gaps in knowledge 

could be explored by conducting in vitro experiments or using explant infection 

models with SP pre-mixed with either rectal/vaginal secretions or specific factors 

such as lactic acid. 

 

6.2 Impact of SP on HIV-1 infection in NHP models 

Human cell lines, isolated PBMC and explant models are great tools for 

the in vitro assessment of in vivo phenomena. To confirm that in vitro experiments 

recapitulate physiological reality, however, it would be ideal to conduct 

experiments in animal models.  Indeed, such models would be a means of 

determining the cumulative impact of SP on HIV-1 infection. 

Infection of NHPs with SIV or SHIV is commonly used to model HIV-1 

infection and test the efficacy of vaccines or passive prophylactics. Inclusion of 

SP in NHP models will provide information about the impact of the cumulative 

effects of SP (i.e., its impact on epithelial and immune cells) on viral transmission 

and the efficacy of preventative tools. Important questions remain about the ideal 
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source (NHP or human) of SP for such experiments. Unlike human semen, 

macaque semen forms copulatory plugs following ejaculation, making it more 

challenging to study samples [243, 244]. However, SP derived from macaques 

might be a more ideal reagent for assessing the impact of SP exposure on 

macaque mucosa. 

Studies from Moog et al. (2014) previously demonstrated that topical 

vaginal application of neutralizing inhibitory antibodies, but not non-neutralizing 

antibodies, could protect macaques against SHIV vaginal challenges [79]. As 

such, it would be of interest to assess the ability of anti-HIV-1 antibodies in SP 

from HIV-1+ individuals to protect against SHIV challenges. 

 

6.3 Impact of SP and coitus on leukocyte recruitment to the anogenital 

mucosa 

Reproductive biology research has uncovered profound changes to the 

FRT following semen exposure [reviewed in 179]. These experiments have 

focused on the longer-term effects of SP on the FRT. Sharkey et al. (2012) 

demonstrated that exposure to semen led to the recruitment of leukocytes to the 

FRT 12 hours post-coitus [183]. 

Much less is known about the immediate impact of semen exposure at the 

rectum. Kelley et al. (2017) detected mucosal injury and changes in the mucosal 

leukocyte profile in men engaging in condomless receptive anal intercourse 

(CRAI) [119]. These samples were collected ≤ 24 hours post-intercourse. It 

remains undetermined if the observed changes were due to intercourse or semen 

exposure. 
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Viral infection can be initiated within hours of exposure. Vaginal challenges 

in macaque models have shown that SIV can cross the vaginal mucosa within 

one hour [123]. As such, it would be beneficial for the study of STIs, and 

particularly HIV-1, if research could be done to explore the immediate changes to 

mucosal immunity following semen deposition at the anogenital tract. 

 

6.4 Impact of SP on leukocytes present in mucosal fluid 

With the exception of dendritic extensions, HIV-1 infection models usually 

show immune cells encountering the virus in the lower epithelial layer and stroma 

of the mucosa after the virus has breached the epithelial barrier [104, 194, 241]. 

Clinical examinations of vaginal fluid (collected through lavages, swabs and 

menstrual cups), however, show vaginal fluid to contain a sizable population of 

functional granulocytes and macrophages, as well as a small population of 

functional lymphocytes [245-248]. This is particularly true during the menstrual 

cycle or an active genital tract infection. The active migration of leukocytes into 

the colonic mucus had also been observed for inflammatory diseases of the gut, 

particularly as the mucosal barrier becomes progressively leaky following disease 

progression [249]. 

These observations suggest that leukocytes could be recruited and 

present at the mucus layer on the exterior of the mucosal tract. Immune cells 

present in the mucus would be directly exposed to a much higher concentration 

of semen during sexual intercourse. Our findings in Chapter 3 suggest monocytes 

and neutrophils can still mediate anti-HIV-1 responses in the presence of lower 

concentrations of SP, but they are inhibited by high concentrations of SP (1:2 
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dilution). In addition, we also show in Chapter 3 that lower concentrations of SP 

(1:10 dilution) inhibited oxidative burst responses of phagocytes. This could in 

turn hamper the degradation and clearance of captured bacteria and viruses, 

such as HIV-1.  

Future experiments could co-incubate macrophages and neutrophils with 

antibody-opsonized and fluorescently-labelled HIV-1 virions or HIV-1-infected 

cells, in the presence of higher concentrations of SP (1:2 to 1:10 dilutions). This 

would determine if SP impedes the killing or destruction of engulfed HIV-1 virions 

or HIV-1-infected cells by macrophages and neutrophils. 

 

6.5 Impact of spermatozoa and neutrophils on HIV-1 infection 

In this thesis, we explored the impact of SP on various cellular immune 

responses. SP is prepared by centrifugation of semen samples and collection of 

the acellular fraction. In the reported experiments we implemented SP purchased 

from a commercial source or acquired from clinical trials. By using SP, we hoped 

to avoid the additional variable of semen-derived cells. 

Recently, Schjenken et al. (2018) demonstrated in a murine model that the 

presence of spermatozoa at the FRT recruited neutrophils [196]. Preliminary data 

from Sharkey et al. (2018) using fresh whole semen or isolated spermatozoa 

suggested a similar phenomenon occurs in humans [250]. While the mechanism 

behind this recruitment remains unclear, it is speculated that neutrophils are 

recruited to the FRT to scavenge dead spermatozoa. As mentioned above, 

neutrophils could be recruited to the mucus layer of the FRT, where they could 

be exposed to semen directly. As such, it would be relevant to explore the impact 
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of whole semen containing spermatozoa on neutrophil recruitment and anti-HIV-

1 responses – such as Fc-mediated functions – during HIV-1 exposure in the 

presence of semen [67, 68]. 

The presence and function of neutrophils at the mucosa has potential 

ramifications for the infectiousness of HIV-1. Neutrophils actively release 

neutrophil extraceullular traps (NETs) within minutes of exposure to HIV-1 virus-

like particles in vitro [251]. Contact with NETs irreversibly inactivates infectious 

HIV-1 virions and prevents infection of CD4+ T cells. Neutrophils also trigger the 

release of NETs in the presence of spermatozoa in a dose- and time-dependent 

manner [199]. Given that both spermatozoa and HIV-1 virions are present in HIV-

1-infected semen, it would be interesting to determine how HIV-1 retains 

infectivity within semen. 

 

6.6 Impact of SP on the vaginal and rectal microbiome of animal models 

Women with VD are at risk of acquiring and transmitting HIV-1 infections. 

[127, 128]. Semen exposure has been linked to the incidence of VD, with 

consistent condom use being associated with reduced VD prevalence [252, 253]. 

A study on the semen and vaginal microbiomes of couples revealed high levels 

of concordance, suggesting that sexual intercourse and possibly exposure to SP 

could influence the vaginal microbiome and/or vice-versa [254]. Given that 

macaques can be an effective animal model for VD, which can be induced 

through the topical application of sucrose gel to the vagina, future experiments 

could investigate if SP directly causes or exacerbates VD in macaque models 

[255]. 
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Likewise, Prevotella-rich rectal microbiomes are common amongst MSM, 

as compared to heterosexual men, and have been associated with increased 

inflammation and risk of acquiring HIV-1 infections [119, 256]. Not much, 

however, is known about the cause of this microbiome difference. Haaland et al. 

(2018) showed that applying a hyperosmolar lubricant rectally for seven days 

resulted in a non-significant increase in Prevotella in the rectum [257].  In addition, 

rectal douching – a common practice amongst MSM – was recently shown to alter 

the rectal microbiome and increase the chances of acquiring rectal gonorrhea 

and chlamydia [258]. As such, it would be useful to study the effects of rectal 

douching and lubricant application on the macaque rectal microbiome. It would 

be of interest to determine if exposure to SP alone, or in combination with 

douching and lubricant application, has impacts on the rectal microbiome 

composition. 

 

6.7 Impact of penile infection and vaccines on SP factors 

In Chapter 4, while we demonstrated that the presence of bacterial co-

infection (chlamydia and/or gonorrhea) did not impact the suppressive potential 

of SP, most of the SP samples were collected during rectal infections. As such, it 

would be ideal to expand upon the findings study the impact of ongoing penile 

infections on the suppressive properties of SP. 

Likewise, in Chapter 4, we showed that anti-HIV-1 antibody-dependent 

responses mediated by SP obtained from HIV-1-infected individuals were 

blocked by the A32 monoclonal antibody, which targets a CD4-induced cluster A 

epitope. Akapirat et al. (2018) recently published follow-up findings to the RV144 

trial showing that HIV-1 gp120-specific antibodies could be detected in the SP of 
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vaccine recipients [65]. It would be interesting to study if these vaccine-induced 

antibodies in SP could also be blocked by the A32 monoclonal antibody. 

 

6.8 Impact of repeated exposures of SP on viral infectivity of animal 

models 

Most HIV-1 infection models involving SP or SP factors involve a single 

dose before or at the time of challenge [172, 194, 204, 210]. Previous 

observations by Münch et al. (2013) suggested the presence of SP could help 

the spread of HIV-1 infection following mucosal exposure to a low-dose challenge 

[172]. 

A recent presentation by Moldenhauer et al. (2018) highlighted that 

repeated  exposures to SP  led to a progressive expansion of Tregs at the mice 

uterus [135].  This is consistent with the observation that human mothers, with a 

shorter duration of unprotected sexual exposure to a biological father, more 

frequently develop preeclampsia and other complications during pregnancy 

[182]. These findings suggest that repeated exposures to SP at the FRT 

progressively drive the development of local immunotolerance. 

It would be of interest to study in NHP models if repeated vaginal or rectal 

exposures to SP results in the development of an immunotolerant phenotype, 

such as the local accumulation of Treg populations. Low-dose vaginal or rectal 

SIV or SHIV challenges could then be conducted in SP-unexposed or repeated 

SP-exposed NHP to explore the impact of repeated SP exposure on viral 

transmission. 
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6.9 Impact of blocking suppressive SP factor(s) on HIV-1 infection 

In this thesis, we show that suppressive SP factor(s) inhibit anti-HIV-1 

cellular immune responses. Furthermore, we narrowed down the suppressive SP 

factor(s) potentially involved in suppressing NK cell responses to 15 putative 

metabolites. As Chapter 5 is still a work in progress, more experiments are 

planned to further narrow down the immunosuppressive factor(s). Once the 

factor(s) has been identified, blocking experiments will be done to try and 

abrogate the observed suppression of lymphocytes. These experiments will 

provide valuable insights and a strategy for enhancing anti-HIV-1 responses at 

the mucosa. 

Previous research has studied the immunosuppressive capacity of the  

major classes of metabolites we have identified as containing the inhibitory 

factor(s) within SP. Kelly et al. (1989; 1993; 1994) demonstrated that SP PGE 

and 19-OH PGE suppressed NK cell activity against target cells [191, 232, 233]. 

The authors, however, did not conduct blocking experiments to antagonize the 

various prostanoid receptors and verify the exact factors and pathways involved. 

While GPCs present in rat and bovine gonadal fluid have been found to be 

immunosuppressive, not much is understood about their effects in human SP 

[234]. Likewise, while retinoic acid and estradiol have been individually 

demonstrated to inhibit lymphocytes in vitro, their effects in SP are not well 

understood [reviewed in 235] [237].  

Different seminal factors have been shown to penetrate mucosae to 

varying degrees. Allen et al (2015) demonstrated SEVI fibrils to be largely 

sequestered at the epithelium following application to the macaque vagina [241]. 

Conversely, Alexander et al (1987) demonstrated that application of pooled 
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human SP at the rectum and/or vaginal of macaques resulted in the rapid 

diffusion of PGE into the blood [259]. 

As such, it is likely that the physical properties of the immunosuppressive 

factor(s) within semen will determine permeability through mucosae. We have 

now identified several seminal factor(s) potentially responsible for the 

immunosuppression of lymphocytes in in-vitro assays. Given that most of these 

factors share similar biochemical characteristics to PGE, it is possible they could 

penetrate mucosae. Future experiments using fluorescent-labelled factors could 

be done to study their penetration in explant or animal models. 

Our currently presented work has identified a pool of metabolites 

containing the suppressive SP factor(s) involved in inhibiting NK cell responses. 

Given that CTLs are inhibited with similar concentrations of SP, we hypothesize 

that a similar factor(s) is involved in CTL inhibition. Inhibition of phagocyte 

responses by SP, however, is observed only with high concentrations of SP. 

While this could be attributed to the different receptor profile expression on 

phagocytes as compared to lymphocytes, it is also possible that suppression of 

phagocytes is mediated by different SP factor(s). Given that neutrophils and 

macrophages can be present at the mucus layer and be directly exposed to 

semen, it would be beneficial to identify the SP factor(s) involved in the inhibition 

of phagocytes [245-248]. 

 

6.10 Concluding remarks 

We have described that SP exhibits immunosuppressive capacity in in 

vitro experiments assessing the function of peripheral blood immune cells, such 
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as NK cells, CTLs, monocytes and neutrophils. This capacity of SP is conserved 

across donors and unaffected by active HIV-1 or bacterial infection(s). There is a 

need to validate these observations using experimental systems more 

physiologically relevant to HIV-1 transmission, such as mucosal explants and 

animal models. Building upon the observations presented in this thesis will be 

important for understanding how semen contributes to HIV-1 transmission and 

designing HIV-1 vaccines that will not be impeded by exposure to HIV-1 in the 

context of semen. 
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