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ABSTRACT OF THE DISSERTATION 

 

Characterization of surface proteins and exosomes and their role in host:pathogen and 

parasite:parasite interactions 

 

by 

 

Olivia Twu 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2014 

Professor Patricia Johnson, Chair 

 

Trichomonas vaginalis, an extracellular protozoan parasite, is the causative agent of the 

most common, non-viral sexually transmitted infection. Infection is often asymptomatic, 

but is associated with long-term effects such as premature labor, low-birth weight 

babies, cervical cancer, prostate cancer, and increased risk of HIV infection. In spite of 

its prevalence and medical importance, the pathogenesis of T. vaginalis is poorly 

understood. It is known that adherence to epithelial cells is vital to the establishment 

and maintenance of infection. This thus implicates surface and secreted proteins in 

host:pathogen interactions. In this study, we characterize the surface proteome of 

various strains of differing adherence leading to the identification of a new family of 

hypothetical proteins involved in attachment. The surface proteome also revealed the 

presence of the tetraspanin family. Characterization of one tetraspanin protein led to the 
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discovery of small-secreted vesicles called exosomes. We demonstrate parasite 

exosomes are involved in host immune modulation and parasite attachment. The 

exosome proteome resulted in the identification of a T. vaginalis homolog of the human 

cytokine macrophage migration inhibitory factor (TvMIF). We show that TvMIF has 

immunogenic and procarcinogenic properties. Finally, we determine that an exosomal 

and surface localized GP63-like metalloprotease is involved in both parasite cytolysis 

and attachment. Taken together, our data shed light on the molecular mechanisms of 

pathogenesis, particularly parasite attachment, and lend novel insight into the link 

between T. vaginalis infection and prostate cancer. Furthermore, these data provide a 

strong foundation for future studies into host:pathogen interactions. 
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Trichomonas vaginalis is a microaerophilic, flagellated protozoan parasite that 

causes trichomoniasis in humans. Trichomoniasis is the most common non-viral 

sexually transmitted infection (STI), infecting ~275 million people each year worldwide 

(WHO).  In the United States, there is an estimated annual incidence of 3-5 million 

cases (1). However, these numbers may be an underestimation as trichomoniasis is not 

a reportable STI, therefore, large scale epidemiological studies are not regularly 

undertaken (2).  

T. vaginalis often establishes infection with little or no apparent symptomatic 

pathology thus complicating its diagnosis and control. Because a large majority of 

infections are asymptomatic (3-5), they remain untreated resulting in persistent chronic 

infections. When trichomoniasis does result in symptoms, the pathology varies. In 

women, the most common clinical manifestations of infection are vaginal discharge, 

pruritus, irritation, and strawberry cervix; however, these symptoms are common to 

many STIs (5). Furthermore, the classic detection technique of wet mounts is fairly 

insensitive, particularly if microscopic evaluation is delayed by even a mere 10 minutes 

(6). The lack of specific symptoms and the use of an insensitive diagnostic technique 

most likely results in cases of trichomoniasis that are not diagnosed even in patients 

with symptoms. In men, T. vaginalis is believed to be a common cause of non-

gonococcal urethritis (7-13), but detection of the parasite in men is even more difficult. 

Effective detection of T. vaginalis in men requires examination of multiple specimens 

(urethral swabs, urine, and semen) and the use of a very sensitive technique like a 

polymerase chain reaction (PCR) assay (9). As men are even more likely to be 
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asymptomatic than women, it is rare that the techniques necessary to diagnose T. 

vaginalis infection are utilized in a clinical setting (9, 14).  

T. vaginalis may not frequently be symptomatic but the impact of infections, 

particularly long-term untreated infections, may be quite significant. T. vaginalis infected 

women are at higher risk of cervical cancer and infertility (15-17). Pregnant women with 

trichomoniasis are at increased risk of preterm birth or delivering low-birth weight infants 

(18). Complications of chronic infections are not limited to women. In men, 

trichomoniasis is associated with hypogonadism, infertility, inhibited sperm motility, 

benign prostate hyperplasia, and increased risk and aggressiveness of prostate cancer 

(4, 19-25). Most ominously, T. vaginalis infection is associated with an increased 

incidence of HIV infection (22, 26-30). These grave health risks associated with T. 

vaginalis, especially asymptomatic untreated long-term infections, underscore the 

crucial need to better understand parasite pathogenesis. 

Currently, there exists only two approved drug treatments for trichomoniasis:  

metronidazole and tinidazole (31). These 5-nitroimidazole drugs are broad antimicrobial 

agents commonly used to treat anaerobic protists and bacterial infections. Clinical 

failure of treatment of T. vaginalis with metronidazole has been reported since 1962 (6). 

Parasite drug resistance is believed to be increasing though studies to date have been 

small (32, 33). While high doses of tinidazole can often treat metronidazole resistant T. 

vaginalis, cross-resistance to both drugs has been observed (34, 35). Currently, drug 

resistance cases are treated with a longer course of an increased dosage, but side 

effects from 5-nitroimidazoles are common and may limit the dose (36). Thus, there is a 

pressing need to understand the parasite to help develop new, alternative treatments. 
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T. vaginalis infection and ensuing pathology 

 Humans are the only natural host of T. vaginalis. Two other species of 

trichomonads can colonize humans: Trichomonas tenax and Pentatrichomonas hominis 

(37, 38). They colonize the oral gingival and intestinal tracts respectively and are 

considered rare and nonpathogenic (39-41). T. vaginalis appears to be solely sexually 

transmitted and has only been found in the urogenital tract: the vagina and cervix of 

females, and the urethra, prostate, and testicles of males (5, 42). The varying range of 

clinical presentations is attributed in part to the multiple steps involved in the 

establishment and maintenance of infection.  

An extracellular parasite, T. vaginalis first encounters the mucus layer when 

introduced into the urogenital tract. Discharge of mucus with trapped microbial 

pathogens such as T. vaginalis provides protection to the host (43). Establishing initial 

infection is dependent on breaching the mucus layer. It has been demonstrated that T. 

vaginalis can bind to and digest mucin, a major component of the mucus layer, but little 

else is known about how the parasite crosses this layer (44). 

Once past the mucus, T. vaginalis binds to epithelial cells to establish infection 

and avoid being swept out of the urogenital tract by vaginal secretions or menstrual 

fluid. As an obligate extracellular parasite, attachment to host cells is crucial in both 

establishment and maintenance of infection. Once attached, T. vaginalis can 

phagocytose and lyse multiple cell types in the environment including vaginal epithelial 

cells, ectocervical cells, lactobacilli, leukocytes, erythrocytes, sperm, and yeast (45-48). 

The ability to phagocytose cells, particularly those larger than the parasite, may be in 

part due to the ability of T. vaginalis to rearrange its cytoskeleton. In fact, the parasite is 
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often observed to change from an ovoid to amoeboid form upon attachment to host cells 

both in vitro and in vivo (49-52). It is believed that T. vaginalis phagocytoses cells as 

sources of nutrients (45, 46, 52), but there are also studies suggesting that the parasite 

can induce apoptosis in host cells (53-55). It is this phagocytosis and cytolysis of host 

cells that results in the inflammation and hemorrhagic tissue resulting in the classic 

trichomoniasis lesion known as “strawberry cervix” (5).  

T. vaginalis cytolysis of host cells is contact-dependent (47, 56, 57). Adhesion to 

host cells and contact-dependent mechanisms are the most important contributors to 

parasite establishment and maintenance of infection as the parasite is strictly 

extracellular. This thus implicates surface and secreted molecules as key players at the 

interface of host:pathogen interactions. Surface molecules are believed to coat the 

entire exposed surface of the parasite including the flagella and axostyle (58). To date, 

only a few families of proteins have been described to be involved in pathogenesis (59-

61). 

Successful establishment of infection also requires that the parasite evade the 

host immune system. The first response by the host is the innate immune system; in 

particular, the vaginal epithelial and ectocervical cells (VECs/Ects) that first encounter 

the parasites (47, 62-64). These cells provide a physical barrier for the host and can 

produce antimicrobial molecules as well as cytokines to recruit other immune effector 

cells (62, 63). The immune response to T. vaginalis is poorly understood. Current 

literature indicates that there are a limited number of cytokines produced by VEC/Ects in 

response to parasites (65) indicating that the parasite may establish infection without 

triggering significant host cytokine production.  
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The most prominent cytokine produced by VECs/Ects and sentinel monocytes in 

response to T. vaginalis is IL-8, an early response cytokine that recruits neutrophils 

(66). Neutrophils are the predominant immune cell found in the vaginal discharge of 

patients infected with T. vaginalis (67). However, T. vaginalis can induce apoptosis of 

various immune cells including neutrophils and macrophages (54, 55). It is notable that 

no robust acquired immunity has been shown in patients infected with T. vaginalis (68-

71) and reinfection is quite common (72). However, patients infected with T. vaginalis 

do develop antibodies specific to parasite antigens (73-76). The minimal stimulation of 

cytokine production by T. vaginalis in bona fide immune cells like macrophages and 

dendritic cells may play a part in the host’s inability to mount a protective immune 

response (77, 78). Thus, it appears, that the parasite often successfully evades the host 

immune system allowing it to setup asymptomatic long-term residence.  

 
The molecular basis of T. vaginalis pathogenesis 

 Molecules responsible for T. vaginalis pathogenesis are difficult to elucidate due 

to lack of reliable experimental technologies such as efficient gene knockout or 

knockdown and the absence of an animal model. Sequencing of the genome in 2007, 

uncovered more complications in studying the parasite such as highly repetitive 

sequences, massively expanded protein families, and retrotransposons among one of 

the largest known protein coding genomes (60,000 candidate proteins) (79). Virulence 

factors described to play a role in trichomoniasis include glycosidases, adhesion 

molecules, proteinases, and carbohydrates (59, 61); however, little is known about their 

mechanisms of action and there is much controversy in the field surrounding particular 

molecules. Nevertheless T. vaginalis may possess molecules that allow it to specifically 
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infect and colonize the human urogenital tract, as it is not cytotoxic to bovine vaginal 

epithelial cells (64, 80). Multiple molecules have been hypothesized to be involved in T. 

vaginalis adhesion. These adhesion molecules can be broadly divided into three 

groups: a collection of membrane proteins recently identified by genomics and 

proteomics, a controversial set of metabolic proteins proposed to have secondary 

adhesive properties, and a lipoglycan that coats the parasite surface.  

 One large family of proteins identified in the genome sequencing was the 

TvBspA family of surface proteins numbering over 650 members (79). BspA 

(Bacteroides surface protein A) -like are defined by Treponema pallidum leucine rich 

repeats (TpLRR) with the family further subdivided by distinct structural features like 

transmembrane domains, proline-rich repeats, endocytosis sorting signals, and domains 

or motifs (81). This family is particularly interesting as BspA-like genes exist only in taxa 

that reside on the mucosal surfaces of animal hosts (81). Certain members of the BspA 

family are confirmed to be expressed on the parasite surface and to induce an antibody 

response in patients (81). Variation in the members of the family present on different 

strains of parasites could potentially reflect involvement of this family in surface 

antigenic variation, a mechanism utilized by other parasites for evading host immune 

responses to mediate long-term survival (82, 83).  

Another family of proteins identified during the initial genome annotation was a 

group of proteins possessing motifs characteristic of Chlamydia spp. polymorphic 

membrane proteins (Pmps) (79). In Chlamydia, Pmps are expressed as a variant 

surface antigen and are involved in adhesion of the infectious elementary body form to 

human epithelial cells (84, 85). Further characterization of Pmps in T. vaginalis, is 
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required to determine their role in pathogenesis. Other families encoding candidate 

surface proteins have been identified in silico and are just beginning to be characterized 

(60). These include the P270 Immunogen, Legume-like lectin, and Giardia VSP-like 

(furin-like) protein families among many others. Additional gene families identified by 

proteomics will be discussed in Chapter 2.  

A group of metabolic proteins named APs (adhesion proteins) including AP23, 

AP33, AP51, AP65, and AP120 have been proposed to be involved in parasite 

attachment though there is controversy over whether they are actually involved in 

parasite adhesion (86). This group consists of abundant metabolic enzymes that are 

primarily involved in carbohydrate metabolism in the hydrogenosome, a mitochondrion-

like organelle found in T. vaginalis (86, 87). There is much debate over whether these 

proteins are dually localized to the hydrogenosomes and surface (87). Additionally, it 

has been argued that the observed binding of these proteins to host cells is 

promiscuous and lacks specificity (86). Until there is definitive evidence that these 

adhesins bind a specific partner on host cells or experimental demonstration of 

trafficking of these proteins specifically to the surface, these dual-function enzymatic 

adhesions should not be considered “true” adhesion molecules. 

In addition to adhesion molecules, T. vaginalis encodes several hundred 

proteases that are though to play a number of important roles in host-pathogen 

interactions. Among these ~120 possess one or more transmembrane domains and 

hence are predicted to be surface localized (60). Surface proteases are predicted to 

degrade ECM proteins and to be involved in parasite-parasite and parasite-host 

adhesion. Thus, surface proteases are presumed to have a role in T. vaginalis invasion 
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of human mucosal tissue and degradation of host proteins. The large number of surface 

proteins is divided into several families including: subtilisin-like serine proteases, serine 

proteases, calpain-like cysteine proteases, rhomboid serine proteases, and GP63-like 

proteases (60). The largest and best studied protease family encoded by T. vaginalis is 

that of cysteine proteases. Cysteine proteases have been shown to be involved in 

various pathogenic functions including cytolysis, hemolysis, immune evasion, and 

adherence (88-93). The second largest family, metalloproteases, in particular GP63-like 

proteases, will be discussed in chapter 5. 

 Surface glycoconjugates often play an important role in the attachment of 

microbes to human host cells (94). T. vaginalis is coated with a dense, elaborate 

glycocalyx known as lipoglycan (TvLG) (63, 95-97). The only known host cell receptor 

for T. vaginalis, galectin-1, interacts with TvLG (98). TvLG is a complex molecule, 

consisting of a polyrhamnose backbone with branches of xylose, five N-

acetyllactosamine (LacNAc) or lacto-N-biose (LNB), anchored into the plasma 

membrane by inositol phosphoceramide (95, 96). Purified TvLG can induce 

upregulation of chemotactic cytokines such as IL8 (63, 96) suggesting it is partially 

responsible for the immune response triggered by T. vaginalis. TvLG participates in 

parasite attachment to host cells (97), but is not the sole factor responsible for 

attachment, leaving us with many more adherence factors to discover.   

 
Exosomes, a novel factor in host: pathogen interactions 
 

In addition to surface proteins and proteases, another factor recently discovered 

to be involved in pathogenesis of various organisms are secreted extracellular vesicles 

called exosomes. Secreted vesicles have been best studied in mammalian systems due 
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to their role in immunomodulation and carcinogenesis, but recent studies have 

highlighted the important role that these vesicles play in the pathogenesis of a variety of 

organisms. In fact, the 2013 Nobel Prize in Physiology or Medicine recognized 

pioneering research on secretion of proteins outside a cell and the delivery of selected 

cargo to specific intracellular compartments via secretory vesicles. Various names for 

secreted extracellular vesicles (EVs) exist in the literature with names based on function 

(e.g. tolerasomes for those involved in inducing immunological tolerance), cell of origin 

(e.g. prostasomes for prostate-derived vesicles), to those based on physical 

characteristics like size, density, method of isolation and others based on DNA/RNA 

contents, and protein markers. The exact definition of an exosome has been debated 

with some defining these vesicles based on their biogenetic origin from the endosome, 

others including all secreted vesicles with biological functions and still others defining 

them based on purification by differential centrifugation (99). Most commonly, the term 

microvesicle is applied to those 0.5-2 μm in diameter that pellet at 10,000 x g whereas 

exosome and exosome-like vesicles are typically 50-250 nm in diameter and pellet at 

100,000 x g (99, 100).  

 Exosomes were first discovered in the 1980s (101, 102), but interest in these 

vesicles only began in earnest in the late 1990s (103-105) when it was shown that these 

vesicles participated in T-cell responses. Other critical biological functions for exosomes 

such as cell-cell signaling through fusion with target cells and delivery of exosomal 

components (106-108) soon followed resulting in significantly increased interest in the 

field. Secreted vesicles, in particular exosomes, are now regarded as important vehicles 

of intercellular communication between cells locally or at a distance. As a complex of 
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lipids, proteins, and nucleic acids, exosomes should be considered extremely potent 

delivery systems as they can affect multiple signaling pathways in target cells. The 

discovery that exosomes contained functional RNA molecules that could be transferred 

between cells via exosomes and remain biologically active (107) is quite significant as 

RNA delivered to recipient cells can influence the recipient cell’s RNA expression, 

proteome and hence behavior. Indeed studies have shown that packaging of exosomal 

RNA cargo is very specific (107, 109). Once bound to a recipient cell, exosomes can 

remain associated with the plasma membrane, dissociate, fuse, or be internalized (110). 

These extracellular vesicles when fused or internalized can transfer their cargo to 

another cell. This is quite exciting as extracellular vesicles can harbor various types of 

RNA, DNA and retrotransposons, proteins, and camouflage viruses/viral components 

(107, 111, 112). The contents of exosomes and hence their biological function depends 

on the cell of origin and the environment of the cell of origin. 

Secretion of exosomes by eukaryotic pathogens hasn’t been extensively studied 

but several have been shown to secrete small vesicles. There are two main groups of 

pathogen derived secreted vesicles: those from extracellular eukaryotic pathogens and 

those from human host cells infected by intracellular pathogens. Virulence factors that 

regulate host gene expression or regulate host immunity are found in parasite-derived 

vesicle proteomes. Modulation of the host immune system as well as parasite-parasite 

and parasite-microbiota interactions are active areas of exosome research. 

Extracellular parasites such as T. vaginalis (see Chapter 3 for more details), 

Trypanosoma spp., Leishmania spp., and certain helminths secrete exosomes or 

exosome-like vesicles (113-115). These exosomes contain parasite-specific 
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excretory/secretory proteins that often lack signal sequences, participate in delivery of 

virulence factors, and regulate parasite virulence.  In fact, for helminthes (113) and 

Leishmania spp. (114), vesicular secretion of proteins is hypothesized to be responsible 

for close to 50% of the parasite’s secretome. Human cells infected with Plasmodium 

spp, Mycobacterium tuberculosis, Salmonella typhimurium, Toxoplasma gondii and 

Leishmania spp. have also been shown to secrete vesicles containing pathogen 

proteins. Vesicles from blood cells infected with P. falciparum aid in increasing parasite 

survival and differentiation of gametocytes (116-118).  This makes exosomes attractive 

candidates for gene transfer between hosts and parasites and has important 

implications for both pathogenesis and co-evolution. In an interesting twist, 

Trypanosoma cruzi metacyclics fuse with human blood-cell-derived vesicles to evade 

complement mediated lysis and infection also results in increased secretion of host cell 

vesicles that benefit the parasite (119). On the other hand, exosomes derived from host 

cells infected by parasites can also broadcast infection status allowing infected cells to 

influence or recruit others thereby affecting host response (120). Consequently, vesicles 

derived from host cells infected with parasites have been used as vaccines to protect 

naïve animals from infection or to the modulate host immune system (121-123). 

Pathogens utilize exosomes for intercellular communication, signaling, and 

regulation. Therefore, exosomes are important players in determining the course of 

infection.  These vesicles likely aid pathogens in securing a niche in competitive 

environments. Acting as a pathogen’s preliminary salvo to modulate host defenses, 

vesicles secreted by extracellular parasites may interact with host cells that may not 

otherwise be readily accessible to the parasite. Exosomes may also be critical to 
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maintaining parasite infection by aiding colonization and modulating host immune 

response. Future research on the effect of exosomes on host:parasite, 

parasite:parasite, and parasite:microbiome interactions are likely to uncover additional 

functions for secreted vesicles in microbial communities. In Chapter 3, we characterize 

T. vaginalis exosomes and describe how these vesicles contribute to host:pathogen 

interactions. 

 The overall aim of the studies presented in this dissertation is to elucidate novel 

factors involved in T. vaginalis pathogenesis. In Chapter 2, characterization of the 

surface proteome of six strains of varying attachment to human host cells leads to the 

identification of two novel proteins involved in parasite adhesion. We also identify a 

family of proteins known as tetraspanins and characterization of a member of this family 

leads us to the discovery of secreted vesicles called exosomes. In Chapter 3, we 

characterize and describe exosomes, a completely novel factor involved in host:parasite 

interactions, and show that they can deliver parasite contents to host cells and modulate 

both parasite attachment and host immune response. To gain more insight into host 

response, we focus in on a particular exosomal protein that is a homolog of the human 

cytokine macrophage migration inhibitory factor (MIF). In Chapter 4, a detailed study of 

T. vaginalis MIF (TvMIF) helps shows that it has effects on both human immune cells 

and prostate cancer cells. We show that TvMIF may contribute to the mechanism by 

which T. vaginalis increases risk and aggression of human prostate cancer. Finally, in 

Chapter 5, a GP-63 like protease found in the parasite surface proteome study (Chapter 

2) and in parasite exosomes (Chapter 3) is shown to have a role in both parasite 

cytolysis and attachment. In sum, this body of work identified novel parasite surface 
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proteins and secreted exosomes that play an important role in the pathogenesis of T. 

vaginalis. Furthermore, these studies have lead to the identification of many proteins 

that could potentially have important roles in host:pathogen interactions.  
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Abstract 
The human-infective parasite Trichomonas vaginalis causes the most prevalent non-viral 

sexually transmitted infection worldwide. Infections in men may result in colonization of the 

prostate and is correlated with increased risk of aggressive prostate cancer. We have found that 

T. vaginalis secretes a protein (TvMIF) that is 47% similar to human macrophage migration 

inhibitory factor (HuMIF), a pro-inflammatory cytokine. As HuMIF is reported to be elevated in 

prostate cancer and inflammation plays an important role in the initiation and progression of 

cancers, we have explored a role for TvMIF in prostate cancer. Here we show that TvMIF has 

tautomerase activity, inhibits macrophage migration, and is proinflammatory. We also 

demonstrate that TvMIF binds the human CD74 MIF receptor with high affinity, comparable to 

that of HuMIF, which triggers activation of ERK, Akt and BAD phosphorylation at a 

physiologically relevant concentration (1 ng/mL, 80 pM). TvMIF increases the in vitro growth and 

the invasion through matrigel of benign and prostate cancer cells. Sera from patients infected 

with T.vaginalis are reactive to TvMIF, especially in males. The presence of anti-TvMIF 

antibodies indicates that TvMIF is released by the parasite and elicits host immune responses 

during infection. Together, these data imply that chronic T. vaginalis infections may result in 

TvMIF-driven inflammation and cell proliferation thus triggering pathways that contribute to the 

promotion and progression of prostate cancer.  

 
Introduction 

Prostate cancer is the most common non-cutaneous cancer of men in the US affecting 1 

in 6 (1, 2). While the causes of prostate cancer are poorly understood, inflammation has been 

implicated in both initiation and progression of the disease (3, 4). The origin of inflammation in 

prostate cancer is unclear though chronic infections are believed to promote and establish a 

tumor-enhancing pro-inflammatory environment.   

Trichomonas vaginalis is the causative agent of the most common non-viral sexually 

transmitted infection, infecting approximately 275 million people worldwide (5). T.vaginalis is a 

flagellated, protozoan parasite that infects the prostate epithelium (6, 7).  Over 75% of men 

harboring T. vaginalis are asymptomatic and may not seek treatment, resulting in chronic 

inflammation (6, 8). Several studies have positively associated T. vaginalis infection with 
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increased incidence and severity of prostate cancer as well as benign prostate hyperplasia (3, 

7, 9-12). The magnitude of the association between T.vaginalis seropositivity and overall 

prostate cancer risk is between 1.23 and 1.43 based on two large, nested case-control studies 

(10, 11). Additionally there is a statistically significant increase in risk of extraprostatic cancer 

(OR = 2.17) or cancer specific death (OR = 2.69) with T.vaginalis seropositive status (10). 

 Our research focuses on the potential contribution of a proinflammatory protein, 

T.vaginalis macrophage migration inhibitory factor (TvMIF), to prostate cancer as the human 

homolog has a role in the growth and invasion of prostate cancer (13, 14). Human macrophage 

migration inhibitory factor (HuMIF) has been implicated in a broad array of conditions associated 

with inflammation including autoimmunity, cell proliferation, angiogenesis, and tumorgenesis 

(15-18). Increased expression of HuMIF has been reported in several cancers, including 

prostate cancer (19-22). Studies show that high expressers of HuMIF have a heightened risk of 

prostate cancer as well as a significant increase in prostate cancer progression and drug 

resistance (20, 22-27). Several clinical studies have shown that HuMIF production correlates 

with both tumor aggressiveness and metastatic potential (27, 28). Additionally, the expression of 

the HuMIF receptor CD74 is increased in prostate cancer (13, 29). 

HuMIF induces ERK1/2 MAPK and Akt activation via binding with the extracellular 

domain of the MIF receptor CD74(30). HuMIF has multiple functions with regards to regulating 

the immune system including protecting monocytes and macrophages from activation induced 

apoptosis which results in sustained inflammation (31, 32). Consequently, HuMIF is implicated 

in the pathogenesis of several inflammatory and autoimmune diseases in addition to cancer (33, 

34). 

Recent studies have shown that several parasitic eukaryotes encode MIF-like proteins 

with considerable structural and biological similarity to their mammalian hosts (35-41). These 

parasite MIF proteins have been shown to modulate host immune responses and regulate 

pathways to promote parasite survival. Here we characterize T. vaginalis MIF (TvMIF) and show 
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that it can act as a molecular mimic of HuMIF. We find that TvMIF binding to the human CD74 

receptor activates ERK1/2 and Akt/BAD pathways, secretion of proinflammatory IL-8 from 

monocytes, reduces monocyte migration, and increases growth of benign prostate hyperplasia 

(BPH-1) and prostate cancer (PC3) cells. This research is the first to identify a human 

inflammatory cytokine mimic in T. vaginalis and begin to explore the link between this sexually 

transmitted infection and prostate cancer. 

Results 

Characterization of T. vaginalis MIF  

 MIF is an evolutionarily conserved protein with a unique blend of hormone-like, cytokine-

like, and enzymatic activities. Due to MIF’s involvement in inflammation and cancer, we 

hypothesized if T.vaginalis secreted a protein of similar function during a chronic prostate 

infection the actions of this protein could lead to increased risk of prostate cancer. The 

T.vaginalis genome (www.trichdb.org) encodes a single MIF homologue (Tvag_219770). This 

protein, TvMIF, has 31% identity to the human MIF (HuMIF) and contains all 9 invariant 

residues (39) found in other eukaryotic MIFs (marked in red, Fig 1A). TvMIF was expressed as 

a histidine-tagged fusion protein and purified for in vitro studies. One characteristic of MIF is 

tautomerase activity (42, 43) and TvMIF possesses 4/5 of the conserved tautomerase catalytic 

residues (Fig 1A), so we tested whether TvMIF can tautomerize the substrate L-dopachrome 

methyl ester. As shown in Fig 1B, TvMIF is able to, albeit at a rate 5 fold less than HuMIF. 

Catalytically inactive HuMIF is greatly impaired in its ability to stimulate generation of superoxide 

in activated neutrophils (44) thus the reduced tautomerase activity of TvMIF could decrease the 

molecule’s priming of host neutrophils.  Enzymatic tautomerase activity is not necessary for 

biological functions such as macrophage migration, countering the effects of glucocorticoids, or 

growth-regulatory and invasion promoting properties (45-47). Thus our further analyses have 

focused on characterizing possible biological functions of TvMIF that could contribute to 

prostate cancer.  

http://www.trichdb.org/


 60 

  To examine TvMIF localization in vivo, we transfected T.vaginalis with a plasmid 

expressing TvMIF fused to a hemagglutinin (HA) tag. Immunofluoresence assays using anti-HA 

antibodies reveals a cytoplasmic localization(Fig 1C). Because HuMIF is known to be secreted, 

we tested whether TvMIF is secreted and found it present in secreted fractions (Fig 1D). 

Together these data indicate that T.vaginalis produces and secretes TvMIF into its extracellular 

environment in vitro. 

Evidence of TvMIF secretion in vivo 

To examine whether TvMIF is released during T.vaginalis infection of humans, we 

evaluated 190 sera samples (111 anti-T. vaginalis positive and 79 T.vaginalis seronegative) for 

anti-TvMIF (Table 1). Sera were more frequently reactive to TvMIF in T. vaginalis-positive 

(56.8%) than in T. vaginalis-negative (11.4%) individuals (χ2 =40.35, p<0.0001; OR: 8.62). This 

strongly suggests that TvMIF is expressed and secreted in vivo during T.vaginalis infection. 

False negatives, cross reactive or heterophilic antibodies, or other unspecific antigen binding 

proteins may be responsible for reactivity in T-vaginalis negative sera samples. Remarkably, a 

higher proportion of male patients (78.7%) as compared to female patients (30.0%) tested 

positive for anti-TvMIF antibodies (χ2 =21.50, p<0.0001; OR: 9.03). This data suggests that 

either more TvMIF is released by parasites in a male host or that the immune system of infected 

males responds more strongly to the TvMIF protein.  

 TvMIF inhibits monocyte migration and induces IL8 secretion 

A standard biological activity of HuMIF is the ability to inhibit random migration of 

macrophages or monocytes (45, 48). To determine whether TvMIF exerts this activity, we 

examined its effect on monocyte migration using a Boyden chamber assay. We found that 

TvMIF inhibits ~50% of monocyte migration, comparable to that observed using HuMIF (Table 

2).  

 Mammalian MIF is pro-inflammatory and plays a role in various autoimmune and 

inflammatory diseases and cancers (18) so we examined whether TvMIF could induce secretion 
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of the pro-inflammatory cytokine IL-8. Using human monocytes from three different donors, we 

show that TvMIF is able to elicit approximately the same amount of IL-8 secretion from 

monocytes as HuMIF (Fig 2). This indicates that TvMIF is capable of inducing secretion of pro-

inflammatory cytokines from human monocytes which may contribute to the inflammatory 

environment resulting from T.vaginalis infection. These data indicate that TvMIF is can 

functionally mimic HuMIF in its interaction with monocytes. 

TvMIF binds human CD74 with an affinity similar to HuMIF 

As HuMIF is a cytokine and mediator of inflammation and carcinogenesis particularly in 

its extracellular form (49), we examined whether TvMIF could bind the HuMIF-receptor CD74. 

Because CD74 is a membrane protein, a soluble, extracellular portion called sCD74114−232 (31) 

was utilized to determine the interaction between CD74 and TvMIF. An overlay of HSQC 

spectra of free 15N-labeled sCD74114−232 (black) and bound 15N-labeled sCD74114−232 in the 

presence of TvMIF (red) is shown in Fig 3A. Missing peaks that do not overlap between the 

black and red spectra are a result of peaks broadened beyond detection and indicate that 

sCD74114−232 interacts with TvMIF. 

To quantify the interaction and compare TvMIF and HuMIF binding, we examined real-

time binding of sCD74114−232 to TvMIF and HuMIF using surface plasmon resonance. The 

BIAcore analysis of sCD74114−232 -TvMIF and sCD74114−232-HuMIF interaction revealed 

equilibrium dissociation constants (Kd) of 6.32 x 10-8 M and 5.75 x 10-8 M respectively, indicating 

similar affinities for HuMIF and TvMIF binding of CD74 (Fig3B). These data indicate that TvMIF 

has the capacity to mimic HuMIF binding to the CD74 receptor.   

TvMIF induces phosphorylation of ERK1/2, Akt, and BAD in BPH-1 cells 

The binding of HuMIF to CD74 is known to trigger downstream pathways via 

phosphorylation of ERK1/2 and Akt. Given the ability of TvMIF to bind with high affinity to CD74 

(Fig 3B), we investigated the effect of TvMIF on these pathways. Extracellular MIF is thought to 

play a role in tumor growth by activating signaling cascades, such as p44/42 mitogen-activated 
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protein kinase (ERK1/2)(30). This in turn promotes cell proliferation and activation of 

downstream effector proteins involved in the inflammatory response such as secretion of IL-8 as 

previously shown (Fig 2). HuMIF binding of CD74 is also known to activate Akt (50) which can 

then result in BAD phosphorylation leading to activation of anti-apoptotic pathways (51). 

To assess the ability of TvMIF to trigger signaling cascades, we used the benign 

prostate hyperplasia cell line (BPH-1), which expresses the HuMIF receptor CD74 (Fig S1). 

Immunoblot analyses of BPH-1 cells treated with 1 ng/mL (80 pM) of TvMIF or HuMIF shows 

that the amount of phosphorylated Akt and ERK1/2 is significantly increased by TvMIF and 

HuMIF over the vehicle control within 15 minutes (Fig 4A and S2). As MIF is implicated in 

cancer progression, we also examined whether TvMIF activates ERK phosphorylation in the 

PC3 prostate cancer cell line. Immunoblot analyses of PC3 cells treated with TvMIF or HuMIF 

indicates that there is a significant increase in ERK1/2 phosphorylation over vehicle control 

within 1 hour (Fig 4B and S2). We were unable to test for an increase in Akt phosphorylation in 

PC3 cells as the absence of PTEN results in very high basal levels of phosphorylated Akt. 

These data demonstrate that in addition to interacting with host MIF receptors (Fig 3), TvMIF 

can activate host signaling pathways in vitro.  

The activation of Akt is known to provide a vital anti-apoptotic signal via phosphorylation 

of BAD (52).Thus, we probed for BAD phosphorylation in BPH-1 cells in the presence of 80 pM 

TvMIF or HuMIF and it increases over time (Fig 4A and S2). Because PC3 cells are PTEN 

deficient, they exhibit a high basal level of both Akt and BAD thus no significant activation was 

seen in response to either TvMIF or HuMIF (data not shown). Together, these data together 

show that TvMIF binding to the human receptor CD74 functionally mimics HuMIF binding by 

triggering several downstream pathways involved in increasing cell proliferation and 

inflammation. 

TvMIF increases growth of benign prostate (BPH-1) and prostate cancer (PC3) cells 
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 The binding of TvMIF to CD74 and subsequent phosphorylation of ERK1/2, Akt, and 

BAD triggers downstream pathways involved in cell proliferation and inflammation. Therefore, 

we examined whether TvMIF alters cell proliferation. Exposing either the benign prostate BPH-1 

or the prostate cancer PC3 cell line to 1 ng/mL (80 pM) TvMIF or HuMIF, we saw a 20% or 40%  

increase in growth, respectively, after 72 hours exposure (Fig 4C). The increase in cell 

proliferation is similar whether using TvMIF or HuMIF, again indicating that TvMIF may be as 

potent as HuMIF in its effects on human cells. These data indicate that TvMIF released into the 

extracellular milieu during infection can increase growth of prostate cells both benign and 

cancerous and hence contribute to progression of prostate cancer.  

TvMIF increases invasiveness of BPH-1 and PC3 cells 

Another characteristic of cancerous cells is increased invasive ability. Studies have 

shown that inhibition of HuMIF or its receptor can attenuate invasion of cancer cells (14, 53). 

Thus we investigated whether adding exogenous TvMIF would affect the invasiveness of BPH-1 

or PC3 cells. Using a BD Fluorblok Tumor Invasion assay, we examined cell migration through 

a Matrigel coated membrane. We found that 1 ng/mL of TvMIF or HuMIF increases the 

invasiveness of both BPH-1 and PC3 cells ~30% (Fig 4D) as compared to vehicle control. This 

again suggests that TvMIF could contribute to a pro-carcinogenic environment for prostate cells. 

 

Discussion 

MIF was discovered in 1966 as a soluble mediator that inhibited the random migration of 

monocytes (48, 54). Since then HuMIF has been shown to be a versatile proinflammatory 

cytokine involved in an array of processes, including immunity, cell proliferation and 

tumorigenesis (15, 18, 55). Here we have characterized the MIF homologue (TvMIF) found in 

the highly divergent, human-infective parasite T.vaginalis. 

We have shown that TvMIF exhibits tautomerase activity, the ability to inhibit 

macrophage migration, and is proinflammatory. We have also demonstrated that TvMIF binds 
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the human CD74 receptor with high affinity and is as potent as HuMIF in activating ERK in both 

BPH-1 and PC3 cell lines, and Akt/BAD phosphorylation in BPH-1 cells. Moreover, TvMIF was 

found to increase the growth and invasiveness of both BPH-1 and PC3 cells. Finally, we show 

that TvMIF is expressed in vivo, elicits a robust immune response in infected individuals and 

that sera from infected men are significantly more reactive to TvMIF than sera from infected 

women. 

The conservation in biological activity between TvMIF and HuMIF is remarkable 

considering the phylogenetic distance between T.vaginalis and its human host (56). This 

conservation could result from parasite:host co-evolution and represent a form of molecular 

mimicry (57) or could indicate that MIF has an unknown but crucial basic function that has been 

conserved in eukaryotes. Our data indicate that the parasite secretes TvMIF which mimics 

HuMIF to bind to the human CD74 receptor, which in turns leads to increased cellular 

proliferation and invasiveness.  

In fact, TvMIF interacts with the human CD74 with approximately the same affinity as 

HuMIF which would allow it to compete or perhaps potentially cooperate with HuMIF. As 

prostate cancer progresses, levels of the HuMIF and CD74 increase (13), resulting in a positive 

feedback loop. This leads to inflammation and activation of cell proliferation and survival 

pathways (58-60). TvMIF could add fuel to this fire by stimulating CD74, as we show that TvMIF 

binding to CD74 can activate downstream ERK and Akt/BAD pathways. The effects exerted by 

TvMIF may likewise impact host defenses and result in overall local immune dysregulation as 

effective host immunity depends in part on the appropriate balance of cytokines.  

Indeed, we show that at 1 ng/mL, TvMIF can induce IL-8 secretion from monocytes.  We 

also found that higher concentrations of TvMIF could stimulate IL-6  secretion (Fig S3). It is 

notable that a similar higher concentration of HuMIF was also required to stimulate IL-6 

secretion (Fig S3). However, we did not detect any IL-1β or TNF induction even with high doses 

of TvMIF (data not shown).  This is consistent with reports that HuMIF potentiates secretion of 
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IL-1β and IL-6, but does not independently induce secretion (61).  It is possible that in cases of 

co-infection, other diseases, or chronic inflammation, TvMIF could synergize with other signals 

to release a broader array of inflammatory cytokines.    

 The presence of antibodies against TvMIF in human sera demonstrates that TvMIF is 

expressed during infection. Secretion of TvMIF during infection would allow it access to host 

receptors and other host cells in the vicinity of infection. Interestingly, sera from males infected 

with T.vaginalis were more reactive to anti-TvMIF antibodies than female-infected patient sera. 

This is particularly notable as women often have a more active immune system (62) and 

typically have greater risk for contraction and a heavier STI burden due to their greater mucosal 

surface area (63). One hypothesis for this difference is that TvMIF is either produced or 

secreted by parasites to a greater extent in male patients due to potential involvement of TvMIF 

in parasite survival in the harsh environment of the penile urethra or colonization of the prostate. 

Alternatively, TvMIF may be expressed in the context of inflammation more frequently in male 

patients leading to the formation of an adaptive immune response to TvMIF which would 

otherwise be an inert antigen due to its resemblance to HuMIF.  

 The ability of TvMIF to increase proliferation and invasiveness of BPH-1 and PC3 cells in 

vitro, further supports a role for TvMIF in human prostate cancer. Moreover, TvMIF-induced IL-8 

could contribute to angiogenesis (64, 65), thus exacerbating the cycle of inflammation, 

carcinogenesis, and metastasis.   A link between T.vaginalis infection, inflammation, and cancer 

is reinforced by clinical evidence correlating T.vaginalis infection and increased risk of both 

benign prostate hyperplasia and prostate cancer (7, 10, 12). The development of chronic 

infection animal model for T.vaginalis or future studies of prostate tissues from T.vaginalis 

infected patients will validate our in vitro data and help determine if T.vaginalis is responsible for 

causing a subset of human prostate cancers. It is notable that other chronically infective 

pathogens like Helicobacter pylori, Schistosoma haematobium, and viruses like HBV or EBV are 

associated with increased cancer risk and even considered causative (66-68). In fact, about 
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17% of the global burden of cancer is related to chronic infections (68) and the smoldering 

inflammation that increases cancer susceptibility.  In all these cases, latent or asymptomatic 

infections, as is often the case for T.vaginalis, are still key players in cancer initiation and 

progression. These findings are all consistent with the Hanahan cycle of cancer (69) that 

defines inflammation and uncontrolled cell growth, both activities promoted by TvMIF, as 

hallmarks of cancer.  

Taken together, these analyses indicate that through a combination of chronic 

inflammation and secreted bioactive molecules, such as TvMIF, T.vaginalis infection can impact 

host immune system regulation and play a role in increased risk of human prostate cancer. 

These studies underscore the importance of understanding the impact of parasite secreted 

molecules on human infection and the need to investigate sub-clinical or “asymptomatic” 

aspects of parasite biology. More studies on T.vaginalis and cancer along with parasite mimics 

of human cytokines will aid in understanding the extent to which this chronically infective 

parasite affects its hosts.  

 

Materials and Methods 

T.vaginalis cell culture 

T. vaginalis strain G3 was cultured as previously described (70). Tvag_219770 (TvMIF) was 

cloned into the Master-Neo-(HA)2 plasmid (71) and transfected as previously described (72) 

with transfectants selected and maintained with 100 µg/mL G418 (Invitrogen). Parasites were 

grown at 37°C and passaged daily for < 2 weeks. 

Secretion Assay 

Secretion assay was performed as described (73). Western blot analysis was performed 

using anti-HA (1:5000; Covance) to detect TvMIF, anti--tubulin (1:1000; Sigma) and anti-

neomycin phosphotransferase II (1:2500; Jackson Labs). Secondary antibodies were anti-

mouse-HRP (1:25000) and anti-rabbit-HRP (1:25000). 
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Human Cell culture 

BPH-1 and PC3 cells were grown as described (74, 75). Monocytes were obtained from the 

UCLA Virology Core in IMDM (Invitrogen) + 5% Human AB serum + 15% FBS and used the 

same day for experiments.  

Production of rMIF 

TvMIF or HuMIF was cloned into the pET200 expression vector with a C-terminal His-tag and 

transformed into BL21 cells E. coli (Invitrogen) for expression. Protein was purified using His 

FastFlow Columns (GE Healthcare). For cell culture assays, protein was dialyzed into PBS and 

cleaned using Detoxi-Gel Endotoxin Removing Columns (Thermo Scientific). Protein was 

checked for LPS contamination using ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit 

(Genscript) and found to have <.005 EU/mL of LPS. 

The pET28a plasmid contained sCD74114-232 (114-232) gene was kindly provided by the 

Bucala laboratory (Yale University,Department of Medicine). The sCD74 protein was expressed 

in BL21 E.coli. 15N-labeled sCD74114-232  was produced by growing bacteria in minimal media 

consisting of 1 mM magnesium sulfate, 0.1 mM calcium chloride, 0.5 μg/ml of thiamine, 100 

μg/ml of ampicillin, 1 g/L of 15NH4Cl as the main nitrogen source (CIL, Andover, MA) and 5 g/L 

of glucose as the main carbon source. The protein was purified using NTA affinity 

chromatography to greater than 90% purity as previously described (31). 

Tautomerase assay 

TvMIF or HuMIF dopachrome tautomerase activity was measured as previously 

described (76). 

Macrophage migration assay  

CD14+ monocytes were isolated by magnetic cell sorting using MACS anti-CD14-labeled 

magnetic microbeads (Miltenyi Biotec Italia, Bologna, Italy) following PBMC purification from 

buffy coats of healthy donors by Ficoll gradient centrifugation in Histopaque 1077 (Sigma 

Aldrich). . 
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Monocyte migration assays were performed using the Chemicon QCM chemotaxis 5 μm 

24-well cell migration assay kit (Millipore Italia, Milano, Italy), according to manufacturer’s 

directions. Migration rate was quantified by reading fluorescence emission at 480/520 nm using 

a GENios microplate reader (Tecan, Männedorf, Germany).  

NMR data collection and processing 

NMR data were collected at 40°C on a Varian 600Mhz. All titration experiments were 

performed using 200 μM H-15N-labeled sCD74114-232 and a series of concentrations (50 μM, 100 

μM, 200 μM and 400 μM) of protonated TvMif.  At each titration point a Heteronuclear Single 

Quantum Coherence (HMQC) spectrum was collected at 40°C.  H-15N-labeled sCD74114-232 and 

TvMif were in 20 mM NaPO4 and 1 mM EDTA pH 7.4. 

Real-time binding studies  

Surface plasmon resonance (model BIA T100) was used to measure the real-time 

binding of sCD74114−232 to TvMif and HuMif. sCD74114−232 was immobilized onto CM5 sensor 

chips by amine coupling using manufacturer’s instructions. sCD74114−232 binding was measured 

for 60 s at 25˚C, followed by 260 s of dissociation. The BIA Evaluation Kinetics package was 

used to determine the equilibrium affinity constant. Three independent experiments were 

performed. 

Cytokine Detection 

Primary human monocytes obtained from UCLA’s virology core, were incubated in 

serum free AimV (Invitrogen) for 2h prior to exposure to 1 ng/mL endotoxin-free TvMIF or 

HuMIF, LPS (Sigma) or D-PBS (vehicle control, Invitrogen). Supernatants were collected and 

assayed for IL8 using an IL8 ELISA kit from AssayPro according to manufacturer’s instructions. 

Additional cytokines were examined using BD Biosciences Cytokine Bead Array according to 

manufacturer’s instructions.  

Growth assays 
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5000 BPH-1 or PC3 cells/well were plated in quadruplicate in a 96 well plate and treated 

with either 1 ng/mL of TvMIF,HuMIF, or D-PBS as vehicle control. The media was changed daily 

and 24h time points quantified using Promega CytotoxOne Membrane Integrity Assay kit 

(Promega). Results were quantified as fold increase over vehicle control.   

Invasion Assays 

Invasion assay was performed according to manufacturer’s instructions. Briefly, BPH-1 

or PC3 were pre-incubated with 1 ng/mL TvMIF or HuMIF for 24h. Cells were were trypsinized 

and 1 x 105 cells were added to the apical chamber of each well of a BD Fluoroblok Tumor 

Invasion System with either 1 ng/mL TvMIF or HuMIF. Cells that migrated to the lower chamber 

were labeled after 48h with 5 uM Calcein AM (BD Biosciences). Invasiveness was quantified by 

measuring fluorescence signal of migrated TvMIF or HuMIF-treated cells relative to cells treated 

with vehicle (PBS) control. 

MIF activation of ERK1/2, Akt, & BAD  

BPH-1 and PC3 cells were serum starved for at least 24 h prior to experiments. 1 ng/mL 

TvMIF or HuMIF was added and at various time points, cells were washed prior to the addition 

of ice cold RIPA buffer + 1X HALT phosphatase inhibitor (Thermo Scientific) + 1X HALT 

protease inhibitor (Thermo Scientific). Cell lysates were collected by scraping and spun to 

remove debris. Protein content was quantified using the BCA Protein Assay Kit (Pierce). 

Western blots were blocked with 3% BSA-TBST and incubated with rabbit anti-ERK1/2, anti-

phospho-ERK1/2, anti-Akt, or anti-phosphoAkt antibodies (all at 1:1000, all from Cell Signaling) 

and anti--tubulin (AbCam, 1:5000) as primary antibodies. Anti-rabbit-HRP secondary antibody 

(1:25,000 Jackson Laboratories) was used prior to addition of ECL for measurement of antibody 

binding by chemiluminescence. When needed, membranes were stripped with 200 mM NaOH, 

0.1% TX-100 and probed for total ERK1/2, Akt, or-tubulin. Quantification performed with 

Image J, data shown in Fig S2 is the mean fold increase relative to negative control (loading 
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normalized with tubulin) from 3 independent experiments with 2 exposures quantified per 

experiment.  

Assaying immunogenicity of TvMIF  

Sera from 190 patients at high risk of sexually transmitted infections (95 males, 76 

females) that were previously tested for the presence of anti-T. vaginalis antibodies (111 

positives, 79 negatives)(77, 78) by indirect ELISA to evaluate TvMIF  immunogenicity during 

human infection. Consent was obtained from the patients and the material was databased and 

processed anonymously. 

Briefly, TvMIF was used to coat 96-well microtiter plates (Nunc) (0.5 g/well). Sera were 

diluted 1:200 and tested for TvMIF reactivity by incubating plates with polyclonal anti-human 

antibodies. Three newborn sera were used as negative controls. Cutoff values were established 

using the mean value of control sera +3 standard deviations. A serum with ELISA reading 

above the cutoff value was classified as positive. 
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MALE T. vaginalis positive T. vaginalis negative 

α-TvMIF Neg 13 (21.31%) 28 (82.35%) 

α-TvMIF Pos 48 (78.69%) 6 (17.65%) 

FEMALE T. vaginalis positive T. vaginalis negative 

α-TvMIF Neg 35 (70.00%) 42 (93.33%) 

α-TvMIF Pos 15 (30.00%) 3 (6.66%) 
 

Table 4-1: TvMIF is detected by ELISA in patients infected with T.vaginalis and with a greater 

frequency in males versus females. Chart showing number of sera samples and percent of total 

samples that tested positive or negative for T.vaginalis infection and anti-TvMIF antibodies out 

of a cohort of 152 patients sorted by gender. Anti-TvMIF antibodies were detected more 

frequently in T.vaginalis positive than in T.vaginalis negative sera as expected. The data also 

shows that among T.vaginalis positive patients, a higher proportion of male patients tested 

positive for anti-TvMIF antibodies. 
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TvMIF HuMIF 

100 ng/mL 54 ±17* 41.5±15.7*** 
10 ng/mL 54 ±17.5* 42.9±16.9** 
Vehicle 0 0 

 

 

Table 4-2: TvMIF inhibits migration of human monocytes. Percent inhibition of macrophage 

migration using either 10 ng/mL or 100 ng/mL of TvMIF or HuMIF relative to vehicle control. 

Both TvMIF and HuMIF inhibit ~50% of monocyte migration. Values are means of 3 

independent experiments +/- SEM. * p<.01; ** p<.02; *** p<.05. 
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Figure 4-1: A) Alignment of TvMIF (Tvag_219770) and HuMIF (GI:47678571) protein 

sequences with 9 invariant residues (39) indicated in red. Carats (^) indicate the 5 residues 

comprising the tautomerase active site. B) TvMIF exhibits tautomerase activity. Recombinant 

TvMIF and HuMIF were expressed, purified and 10 µg/mL was used to measure tautomerase 

activity by monitoring conversion of L-DOPA at 475 nm. All assays were carried out in triplicate 

and data shown are mean +/- standard error. C) Immunofluoresence image and phase (inset) 

using anti-HA antibody (green) on parasites expressing hemagglutin (HA) tagged TvMIF show 

the protein has a cytoplasmic localization. DAPI stained nuclei are blue. D) Western blot 

analyses of supernatant and pelleted fractions harvested from T.vaginalis transfectants 

expressing TvMIF-HA after incubation at 37oC or 16oC for 2 hours. The blot was reacted with 

anti-HA to detect MIF (~12.5 kDa), anti-β-tubulin (~50 kDa), and anti-neomycin 

phosphotransferase (~30 kDa) antibodies. Incubation at 16oC (no secretion control) and 

detection of β-tubulin and neomycin phophotransferase serve as negative controls for cell lysis. 
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Figure 4-2: 1 ng/mL TvMIF or HuMIF induces IL-8 production from human monocytes. Data 

shown is representative; the experiment was repeated using three different donors and the 

same trend in IL-8 production was consistently observed. Data are the mean of quadruplicates 

per one assay +/- standard error of the mean. 
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Figure 4-3: TvMIF interacts with the human MIF receptor CD74. A) NMR spectra of TvMIF and 

sCD74114-232  show incomplete overlap of red and black peaks indicating that TvMIF and CD74 

interact. B) Surface plasmon resonance plots of various concentrations of TvMIF or HuMIF 

flowed over immobilized sCD74114-232  reveal that TvMIF and HuMIF have similar Kd values for 

the human receptor CD74.  
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Figure 4-4: TvMIF activates ERK1/2  and Akt/BAD pathways in BPH-1 and PC3 cells resulting 

in increased cell proliferation and invasion.  A) Serum starved BPH-1 cells were exposed to 1 

ng/mL (80 pM) endotoxin free TvMIF or HuMIF for 15 min and test by immunoblot analysis for 

phosphorylated-ERK Thr202/Tyr204 (p-ERK1/2), total ERK1/2 (ERK1/2), phosphorylated Akt (p-

Akt), total Akt (Akt), BAD phosphorylated at ser136 (p-BAD), total BAD (BAD), and β-tubulin 

loading control, using the corresponding antibodies. All experiments were carried out in 

triplicate. Cropped pictures from one representative experiment with a single time point is 

shown. See Fig S2 for time courses and quantification. B) Serum starved PC3 cells were 

exposed to 1 ng/mL (80 pM) endotoxin free TvMIF or HuMIF for 4 hours and tested by 

immunoblot analysis for phosphorylated-ERK Thr202/Tyr204 (p-ERK1/2), total ERK1/2 
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(ERK1/2), and β-tubulin loading control. All experiments were carried out in triplicate. Cropped 

pictures from one representative experiment with a single time point is shown. See Fig 2 for a 

time course and quantification. In both panels A and B, negative = 1X PBS vehicle control and 

positive = 5% FBS. C) BPH-1 or PC3 cells were plated and dosed with 1 ng/mL (80 pM) 

recombinant LPS-free TvMIF or HuMIF every 24h. After 72 h, the number of cells present was 

assayed colormetrically. Addition of either 1 ng/mL TvMIF or HuMIF increases proliferation ~1.2 

fold in BPH-1 and ~1.4 fold in PC3 cells. Mean fold increase in proliferation over untreated cells 

of 3 independent experiments done in quadruplicate  ± standard error of the mean is shown. D) 

BPH-1 or PC3 cells were pre-incubated with 1 ng/mL (80 pM) recombinant LPS-free TvMIF or 

HuMIF for 24h prior to addition to BD Fluorblok Tumor Invasion Plates with 1 ng/mL of TvMIF or 

HuMIF for 48h. Fold increase in invasion over vehicle control treated cells +/- standard error of 

the mean of 3 independent experiments in triplicate is shown and * = p-value < .05. 1 ng/mL 

TvMIF or HuMIF increases invasion of BPH-1 and PC3 cells ~30%.  
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Supplemental Figures 

 

 

 

 

 

 

Figure 4-S1. Immunoblot showing that male benign prostate hyperplasia (BPH-1) and PC3 

prostate cancer cells express the MIF receptor CD74. Whole cell extracts of the cell lines were 

subjected to SDS-PAGE, blotted and reacted with anti-CD74 antibody. 
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Figure 4-S2. A) Serum starved BPH-1 cells were exposed to 1 ng/mL (80 pM) endotoxin free 

TvMIF or HuMIF for 5,10, or 15 min and probed to detect phosphorylated-ERK Thr202/Tyr204 

(p-ERK1/2), total ERK1/2 (ERK1/2), and β-tubulin loading control. B) Serum starved BPH-1 cells 

were exposed to 1 ng/mL endotoxin free TvMIF or HuMIF for 15, 30, or 60 min and probed to 
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detect phosphorylated Akt (p-Akt), total Akt (Akt), BAD phosphorylated at ser136 (p-BAD), total 

BAD (BAD), and β-tubulin loading control. C) Serum starved PC3 cells were exposed to 1 

ng/mL endotoxin free TvMIF or HuMIF for 1, 2, or 4 hours and probed to detect phosphorylated-

ERK Thr202/Tyr204 (p-ERK1/2), total ERK1/2 (ERK1/2), and β-tubulin loading control. Panels 

on the right are quantifications of mean fold increase of D) p-ERK1/2 levels E) p-Akt or F) p-

BAD induction in BPH-1 cells exposed to 1 ng/mL TvMIF or HuMIF from 3 independent 

experiments (2 exposures per experiment) +/- standard error of the mean. G) Mean fold 

increase from quantification of p-ERK1/2 levels from PC3 cells exposed to 1 ng/mL TvMIF or 

HuMIF from 3 independent experiments (2 exposures per experiment) +/- standard error of the 

mean. 
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Figure 4-S3. IL-6 secretion from human monocytes in response to various doses of 

recombinant TvMIF or HuMIF. Data shown is representative of two donors. Data are the mean 

of triplicates per one assay +/- standard error of the mean. 
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Abstract 

 T. vaginalis, a strictly extracellular parasite, uses surface and secreted proteins 

to attach to and lyse host cells. While cysteine proteases have been well studied in the 

parasite, GP63-like metalloproteases have received little attention. In this study, we 

characterize a GP63-like metalloprotease (Tvag_400860) found in secreted exosomes 

and on the surface of parasites. We show that exogenous expression of the protein 

increases parasite attachment and cytolysis of host cells. Furthermore, the effects of 

Tvag_400860 are dependent on maintaining an active catalytic site. Our results suggest 

that Tvag_400860 may play a role in parasite pathogenesis.  

Introduction 

Protozoan parasites cause diseases like trichomoniasis, malaria, leishmaniasis, 

and amebiasis that afflict hundreds of millions of people each year worldwide (1). One 

factor that contributes to the pathogenesis of this diverse group is parasite-derived 

proteases. Various proteases have been shown to have roles in parasite replication, 

degradation of host proteins, damaging host tissue, and in parasite invasion (1). 

Proteases catalyze the degradation of peptide bonds and play vital roles in the biology 

of all living things.  Proteases are broadly divided into families according to essential 

catalytic residues at their active sites: serine, cysteine, aspartyl, glutamic, threonine and 

metalloproteases.  

The sexually transmitted protozoan parasite Trichomonas vaginalis (for more 

information on T. vaginalis see Chapter 1) possesses numerous proteases representing 

the all five families. By far the largest family of proteases is that of cysteine proteases. 

Unsurprisingly, cysteine proteases are the best studied in T. vaginalis and evidence 
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supports a role for this family in various activities including host cell cytolysis, disruption 

of host cell membranes, and degradation of host immunoglobulins (2-4). The genome 

sequence of T. vaginalis indicates that the parasite encodes over 200 cysteine 

proteases (5). The second largest family of proteases in T. vaginalis is the 

metalloprotease family which numbers over 120 (5). The largest subgroup within the 

metalloprotease family is GP63-like or Clan MA, M8 leishmanolysin-like zinc 

metalloproteases containing over 70 proteins. 

The GP63-like protease family is also the second largest family of candidate 

surface proteins in T. vaginalis (6). Over 50% of the members of this family possess a 

potential transmembrane domain. These proteins are of great interest as the GP63 

proteins are the most abundant surface proteins Leishmania spp and play important 

roles in parasite survival and pathogenesis (7, 8). Leishmania GP63 is found as a GPI 

anchored membrane protein as well as in soluble forms secreted via exosomes and the 

classical secretory pathway (9-11). Among the functions attributed to Leishmania GP63 

are degradation of host extracellular matrix, attachment to host cell surface receptors, 

resistance to complement and antimicrobial peptides, promotion of amastigote survival 

within host macrophages, and alteration of host macrophage signaling (7, 8, 12-14). 

The GP63 family of proteins are zinc metalloproteases characterized by the catalytic 

motif HEXXH (X represents any amino acid) (6).  Many of the functions ascribed to 

Leishmania GP63 are dependent on an active catalytic site. In T. vaginalis, most of the 

GP63-like proteins do contain the HEXXH minimal motif required for protease activity. 

Additionally T. vaginalis lacks all genes involved in the biosynthesis of GPI anchors (5) 

thus some members of the T. vaginalis GP63-like protein family contain transmembrane 
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domains while others are believed to be secreted or lipid anchored via other 

mechanisms (15). Phylogenetic analyses indicate the T. vaginalis GP63-like proteins 

were generated relatively recently by gene duplications suggesting they may play an 

important role in T. vaginalis biology (15).  

 The T. vaginalis genome encodes over 70 GP63-like proteases, 53 of which 

possess a predicted transmembrane domain (5). It has been shown that T. vaginalis 

parasites treated with 1,10-phenanthroline, a broad spectrum metalloproteinase inhibitor 

with activity against GP63, exhibit a decrease in cytolytic activity relative to parasites 

treated with EDTA, a broad spectrum metalloproteinase inhibitor that does not have 

activity against GP63 (15). Hence, it is believed that GP63-like proteins do play a role in 

T. vaginalis  host:pathogen interactions. Here we characterize one GP63-like protease 

(Tvag_400860) that was found in the B7RC2 exosome proteome (Chapter 3, (16)) and 

on the surface of six different strains with varying levels of attachment to host cells 

(Chapter 2, (17)). Of the sixteen GP63-like proteins found in the surface proteome 

study, only six (including Tvag_400860) were found on all six strains examined (Chapter 

2, (17)). Four metalloproteases were found in the B7RC2 strain exosome proteome, two 

belonging to Clan MH and two to the GP63-like family (Chapter 3, (16)). Of the two 

GP63-like proteins (Tvag_400860 and Tvag_371800) in the exosome proteome, only 

Tvag_400860 has the conserved HEXXH catalytic motif. Additionally Tvag_400860 was 

identified as a single copy gene with 19 single nucleotide polymorphisms (SNPs) in 

seven strains surveyed within it’s ~1.4 kb of sequence indicating that the protein may be 

under selective pressure (18). Thus, investigating this surface and exosomal GP63-like 
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protein of T. vaginalis may contribute to increased understanding of both exosomes and 

proteases in pathogenesis.  

 Here we characterize Tvag_400860, a Clan MA, M8 GP63-like metalloprotease 

found in our surface and exosome proteome studies. We demonstrate that the protein 

appears to localize intracellularly though a surface localization cannot be ruled out. We 

also confirm that it is found in exosomes. Exogenous expression of Tvag_400860 in 

parasites shows that it can increase parasite cytolysis of and attachment to host cells. 

Furthermore, we show that these effects are dependent upon preserving the conserved 

HEXXH catalytic motif. These results support a role for Tvag_400860 in host:parasite 

interactions. 

 
Results 
 
Bioinformatic analysis of Tvag_400860 
 
 We first examined the degree of conservation between Tvag_400860 and a 

Leishmania major GP63. Tvag_400860 exhibits 21% similarity and 36% identity to 

Leishmania major GP63 (Uniprot ID: Q4QHG9). Tvag_400860 contains a Clan MA, M8 

leishmanolysin domain from amino acid 104 to 283 including the conserved HEXXH 

catalytic site residues (Fig 1A & 1B). An InterPro analysis of Tvag_400860 also reveals 

the presence of an IPT (Ig-like, Plexins, Transcription factors) domain from amino acid 

498 to 573 (Fig 1A & 1B). This structural domain is characterized by an 

immunoglobulin-like fold and has been shown to be involved in protein-DNA and 

protein-protein interactions (19).  A BLAST analysis of the Tvag_400860 IPT domain 

reveals eight other proteins possessing the domain and all are predicted to be Clan MA, 

M8 leishmanolysins (data not shown). A transmembrane domain from amino acid 162 to 
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183 is predicted by SPOCTOPUS but not by Phobius or TMpred. If the transmembrane 

domain does indeed exist, it would be unusual as the catalytic site lies within the 

predicted transmembrane domain.  

Tvag_400860 localizes similarly to other exosomal proteins  

 Tvag_400860 was found in the surface proteome of all six strains examined 

(Chapter 2, (17)) indicating it is expressed in various different strains and may 

contribute to a general function in T. vaginalis. Furthermore, Tvag_400860 was found in 

the B7RC2 exosome proteome (Chapter 3, (16)). In both T. vaginalis and Leishmania 

spp. the protein has been shown to be both surface, and intracellular so we first 

examined localization (7, 9, 10, 15, 20). The Tvag_400860 gene was cloned and 

expressed under the control of the α-SCS promoter as a C-terminal haemagglutinin 

(HA)-tagged fusion protein in T. vaginalis strain B7RC2 (Fig 2A). Localization of the 

tagged protein was determined in transfected cells using immunofluorescence assays. 

The protein appears to localize intracellularly in the parasite (Fig 2B). This localization is 

similar to other T. vaginalis exosomal proteins we have previously characterized (data 

not shown, see Chapter 4 for localization of MIF, another exosomal protein). 

Furthermore, GP63 has been shown to be localized intracellularly near the flagellar 

pocket as well as in vesicles in various species of Leishmania (20-22). While strong 

surface staining was not evident, surface localization cannot be ruled out with 

microscopy at this resolution. To verify exosomal localization which is not visible by light 

microscopy, we isolated exosomes from the B7RC2 exogenously expressing HA-tagged 

Tvag_400860 and show via Western blot analysis that the protein is contained in the 

exosome fraction (Fig 3).  
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Tvag_400860 increases parasite cytolysis and attachment 

 One function often attributed to parasite proteases is a role in host cell cytolysis 

(23). We tested whether Tvag_400860 facilitates parasite cytolysis of host cells. We 

used the benign prostate hyperplasia (BPH-1) cell line as host cells. Parasites were 

transfected with either an episomal vector expressing Tvag_400860 wild type or 

catalytic site mutants with either a single mutation (HEXXH  HAXXH) or triple 

mutation (HEXXH  AAXXA). Transfection of parasites with the vector alone (EpNeo) 

served as the negative control. Parasites expressing wild type Tvag_400860 were 2.7 

fold more cytolytic than either the negative control or catalytic site mutants (Fig 4A). 

This data indicates that Tvag_400860 has a role in parasite cytolysis and that its effect 

on cytolysis is dependent on the catalytic site residues.  

 Cytolysis of epithelial cells by T. vaginalis parasites is contact dependent (24). 

Thus, we tested whether the increase in host cell cytolysis by Tvag_400860 transfected 

parasites was potentially mediated by increased parasite attachment. We found that 

there was a 2.1 fold increase in attachment in Tvag_400860 parasites as compared to 

negative control or catalytic site mutants (Fig 4B). This data suggests that the increase 

in parasite cytolysis evident when Tvag_400860 is overexpressed is most likely 

mediated through increased parasite attachment. Furthermore, the catalytic site 

residues of Tvag_400860 are involved in mediating parasite attachment. Whether this 

result is a direct effect of Tvag_400860 or is indirect through a substrate of 

Tvag_400860 will require further study.   

Materials & Methods 
 
Cloning 
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Tvag_400860 wild type was cloned into the pMNeo vector with a C-terminal 

2XHA-tag as previously described (25) using the following primers: Forward 5’- 

AACATGTACATATGCATGATTATTACGAAAGACAAG-3’ 

 and Reverse 5’-TGGGGTACCTTTTCCATCATATTTTGTGTTCAAG -3’. Two catalytic 

inactive mutants were created using megaprimer PCR. The E  A single mutant was 

created by mutating the italicized region (shown below) of GAA which codes for 

glutmate (E) into GCT, coding for alanine (A). The triple mutant was also created by 

mutating the underlined region which codes for HELQH into AALQA. 

5’-

ACAGTCCAGTATCTCAATAGTTCGCACAGAGATTTAATTACGACAATTCTTCATGAA

TTACAGCATGTCCTTTCATTCTCATCATCCAATTTCGAAAAATGGATCGG-3’ 

Parasite and Human Cell Culture 
 

B7RC2 parasites were grown in TYM media supplemented with 10% horse 

serum (Sigma), 180 μM ferrous ammonium sulfate (Fisher), 28 μM sulfosalicylic acid 

(Fisher), 10U/mL penicillin (Invitrogen), and 10U/mL streptomycin (Invitrogen). Parasites 

were transfected with 100 μg of plasmid DNA as previously described (25). Transfected 

B7RC2 parasites were selected and grown with the addition of 100 μg/mL G418 

(Invitrogen). Parasites were passaged daily by diluting 1 x 106 cells into 15 mL fresh 

media. Parasites were not passaged for more than two weeks before thawing new 

samples. BPH-1 cells were cultured in RPMI (Invitrogen) supplemented with 10% fetal 

bovine serum (Atlanta Biologicals) and penicillin/streptomycin (Invitrogen). 

Immunofluorescence assay 
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Parasites were allowed to adhere to coverslips for 1 hour. They were then fixed 

in 4% formaldehyde/1X phosphate buffered saline (PBS) for 20 min, permeabilized with 

0.2% Triton X-100 in PBS, blocked with 3% BSA (Roche) in PBS (PBS-BSA), incubated 

with a 1:1,000 dilution of anti-HA primary antibody (Covance), washed, and then 

incubated with a 1:10,000 dilution of Alexa Fluor-conjugated secondary antibody 

(Molecular Probes). The coverslips were mounted using ProLong Gold Antifade reagent 

with DAPI (Invitrogen). Stained parasites were examined using an Axioskop 2 

epifluorescence microscope (Zeiss), and images were recorded with an AxioCam 

camera and processed with the AxioVision 3.2 program (Zeiss). 

Western blot analysis 

Parasites were boiled for 5 min at 100C in 5X sample buffer with 1X HALT 

protease inhibitor (Thermo Scientific). Parasite lysates were separated by SDS-PAGE 

and transferred to PVDF membranes. Membranes were blocked with 5% membrane 

blocking agent (GE healthcare) in TBST for 1 hour. Blots were incubated with 1:5000 

anti-HA (Covance) overnight at 4°C, then washed with TBST three times and incubated 

with 1:25,000 anti-mouse-HRP (Jackson Labs).  

Attachment assay 

Attachment was performed as previously described (24). Briefly, 5 x 104 

parasites were labeled with CellTracker Blue (Life Technologies) added to a confluent 

monolayer of BPH-1 cells for 30 minutes after which they were rinsed with PBS and 

fixed with 4% formaldehyde. Coverslips were mounted onto slides with MOWIOL 

polyvinyl alcohol (Calbiochem) and visualized by fluorescence microscopy at 10X 

objective on a Zeiss Imager.Z1 using Axiovision. Three independent blinded 
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experiments were performed. For each experiment, there were 3 coverslips per parasite 

strain and 15 images were taken per coverslip. Images were quantified blind using 

Image J. Statistical analysis was performed using Student’s T-test in Microsoft Excel. 

Data are expressed as fold change with respect to EpNeo transfected parasites. Data 

shown is final mean and standard error of the mean.  

Cytolysis assay 

Cytolysis was performed as previously described (24). Briefly, 1 x 105 log-phase 

parasites were incubated with confluent monolayers of BPH-1 cells for 20 hours. Lysis 

was determined by measuring lactate dehydrogenase (LDH) release using CytoTox-

ONE homogenous membrane integrity assay per the manufacturer’s instructions 

(Promega). Data were read on a Victor 3 1420 plate reader (Perkin Elmer). Data were 

normalized to background (LDH release from BPH-1 cells alone) and expressed as a 

percentage of total lysis (LDH release after 0.9% Triton X-100 treatment). Three 

independent experiments were performed with each sample measured in hextuplet. 

Final mean values and standard error of the mean are shown.  

Statistical analyses 

 All experiments were carried out at least three times. Means, standard 

deviations, standard errors, and Student’s T-test to determine p-values were calculated 

using Microsoft Excel. 

Discussion 
 
 Parasites utilize a plethora of surface and secreted molecules for pathogenesis. 

This is especially true of the strictly extracellular parasite T. vaginalis. Among the 

molecules implicated in pathogenesis are proteases which play a variety of roles in 
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establishing and maintaining infection. Parasite proteases are important virulence 

factors involved in adherence of parasites to host cells, host cellular destruction, 

penetration and migration through extracellular matrix, and digestion of host immune 

components (8, 23). T. vaginalis encodes a great number of proteases, one large group 

of which is the GP-63 like metalloprotease family. In this study, we have characterized 

Tvag_400860, a GP63-like metalloprotease found in exosomes, and shown it to have 

roles in both parasite cytolysis and attachment. 

Tvag_400860 shares 21% identity and 36% similarity with Leishmania major 

GP63 and contains the core HEXXH motif of the members of this family. While 

Tvag_400860 lacks a predicted signal peptide, it potentially has a transmembrane 

domain or could be delivered to the plasma membrane via another mechanism. If the 

transmembrane domain does exist, this would be a unique finding as the catalytic site 

would be in the membrane. This would not be unheard of as the first intramembrane-

cleaving protease to be isolated, site-2 protease, is a metalloprotease with its HEXXH 

motif in the membrane (26). Other T. vaginalis GP63-like proteins that are predicted to 

have a transmembrane domain have the domain near the C-terminus away from the 

predicted catalytic site (15). It is also possible that Tvag_400860 exists as both 

membrane and intracellular forms. Further biochemical studies could help to determine 

the relative amounts of membrane and soluble Tvag_400860. Overall, the GP63-like 

family has not been well studied in T. vaginalis. To our knowledge, there exists only one 

other study characterizing a GP63-like protein which found that protein (Tvag_367130) 

to be involved in parasite cytolysis but not attachment (15). 
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 Here we show that parasites expressing the GP63-like Tvag_400860 exhibit both 

increased attachment and cytolysis only when the conserved HEXXH motif is intact. 

This is not surprising considering T. vaginalis cytolysis of host cells is contact 

dependent (24). It is quite interesting that both the increase in attachment and cytolysis 

are dependent on an active protease catalytic site. Proteases have been implicated in 

attachment of Candida spp. to host tissue (27, 28) as well as invasion of malaria 

parasites into erythrocytes (29, 30). In the case of the protozoan parasite Toxoplasma 

gondii, protease activity is required for processing adhesins to the parasite surface for 

secretion (31). Additionally, it has been previously shown that protease inhibitors can 

inhibit T. vaginalis attachment (32). Several potential mechanisms for the involvement of 

Tvag_400860, requiring an active catalytic site, in parasite attachment are possible. The 

protease may be required for unmasking cell-surface adhesins required for host cell 

recognition and binding. It is equally possible that the secreted protease modifies host 

cell receptors prior to binding. Alternatively, Tvag_400860 may process parasite 

membrane proteins into their active form for parasite attachment. Future studies to 

decode the identity of parasite or host proteins that Tvag_400860 interacts with would 

aide in elucidating the mechanism of increased attachment. Further research into this 

large family of GP63-like metalloproteases in general will provide new insights into 

parasite pathogenesis.  

  



 102 

 

Figure 5-1: Bioinformatic Analysis of Tvag_400860. A) Schematic of Tvag_400860 

showing that it contains a Clan MA, M8 Peptidase Domain (in blue) with the pink 

diamond indicating it contains the conserved HExxH catalytic site. Tvag_400860 also 

has an Ig-like, Plexins, Transcription factors (IPT) domain depicted in red. B) Amino 

acid alignment of Tvag_400860 with Leishmania major GP63 using Clustal Omega. The 

M8 peptidase domain is underlined in blue, the IPT domain underlined in dark red, and 

catalytic side boxed in red. 
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Figure 5-2: Expression and localization of haemagglutinin (HA)-tagged 

Tvag_400860 wild type, single mutant, and triple mutant proteins in B7RC2 strain 

T. vaginalis. A) Western blot analysis of lysates from B7RC2 T. vaginalis transfected 

with EpNeo (negative control) and HA-tagged Tvag_400860 wild type, single mutant, or 

triple mutant. Anti-HA was used to detect expression of the protein of interest. Anti-B-

SCS was used as a loading control. B) Parasites exogenously expressing Tvag_400860 

wild type, single mutant, or triple mutant with a C-terminal HA-tag were processed for 

immunofluorescence microscopy using anti-HA mouse followed by anti-mouse-Alexa 

Fluor 488 (green). The nucleus (blue) was stained with 5’-6’-diamidino-2-phenylindole 

(DAPI). Corresponding phase images are shown in the inset. 
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Figure 5-3: Tvag_400860 is found in isolated exosomes. Exosomes were isolated 

from T. vaginalis B7RC2 exogenously expressing HA-tagged Tvag_400860. Western 

blot using anti-HA antibodies on 25 ug of exosomes from HA-tagged Tvag_400860 

parasites, 25 ug negative control (EpNeo exosomes) and positive control (lysate of 2 x 

105 HA-tagged Tvag_400860 parasites).  
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Figure 5-4: Parasites exogenously expressing wild type Tvag_400860 exhibit an 

increase in both cytolysis and attachment compared to EpNeo or Tvag_400860 

catalytic site mutants (single or triple mutant). A) Cytolysis of BPH-1 cells by T. 

vaginalis B7RC2 strain parasites transfected with either EpNeo, Tvag_400860 wild type, 

single mutant, or triple mutant. BPH-1 monolayers were exposed to 1 x 105 parasites for 

20h and cytolysis was measured by quantifying LDH release. Lysis with Triton X-100 

was used as a positive control and cytolysis is expressed as fold increase over cytolysis 

of EpNeo parasites. The mean of three experiments with each strain tested in hextuplet 

per experiment is shown ± standard error of the mean. B) Adherence of EpNeo, 

Tvag_400860 wild type, single mutant, or triple mutant T. vaginalis parasites to BPH-1 

monolayers. Data is the mean from three independent experiments performed in 

triplicate and quantified blind. Data is expressed as fold increase in attachment over 

EpNeo parasites ± standard error of the mean.  
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Summary 

T. vaginalis is a highly prevalent sexually transmitted pathogen with significant 

long-term health risks including increased risk of HIV acquisition and cancer.  However, 

the molecular basis of host:pathogen interactions is poorly understood and has not 

been extensively studied. Due to the strictly extracellular nature of the parasite, surface 

and secreted molecules are the most likely candidates for mediating host:pathogen 

interactions. The studies in this dissertation identify novel T. vaginalis surface proteins 

involved in parasite attachment (Chapter 2), the secretion of exosomes and their 

various roles host:pathogen interactions (Chapter 3), parasite secretion of a homolog of 

macrophage migration inhibitory factor that has procarcinogenic effects on prostate cells 

(Chapter 4), and a GP63-like protease involved in parasite cytolysis of and attachment 

to host cells (Chapter 5). We have shown these novel elements to be involved in 

various aspects of host:pathogen interactions from modulation of host immunity, 

parasite cytolysis and adherence, to beginning to understand cancer as a risk of chronic 

infection by T. vaginalis. Thus, this body of work has identified specific novel surface 

and secreted molecules with roles in pathogenesis. 

Insights into surface proteins involved in parasite adherence 

 Sequencing of the T. vaginalis genome in 2007 revealed that the parasite 

encodes many families of candidate surface proteins predicted to be involved in 

pathogenesis (1). Furthermore, many of these families contained hundreds of members, 

massively expanding the number of potentially interesting proteins to examine. While 

surface molecules were predicted to be important to T. vaginalis pathogenesis, little was 

known about which proteins were actually expressed on the parasite surface. The lack 
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of efficient and effective knock-out and knock-down techniques in T. vaginalis only 

make it more difficult to identify which proteins to study. Thus, an unbiased proteomics 

approach was undertaken. Additionally, while is it known that various strains of 

parasites have different adherence and cytolysis profiles (2), we are only beginning to 

understand the molecular basis of these differences. In Chapter 2, we utilized 

proteomics to examine the surface proteome of highly adherent versus less adherent 

parasites. This allowed us to identify differentially expressed proteins that may have a 

role in parasite adherence and ensuing pathogenic effects (Chapter 2, (3)). Indeed, two 

highly differentially expressed conserved hypothetical proteins belonging to a very large 

gene family were shown to increase parasite attachment (Chapter 2, (3)). This family of 

hypothetical proteins is quite interesting as many members contain cadherin-like 

domains indicating that many of them could potentially be involved in parasite 

adherence. Additionally, many of the members are single transmembrane proteins with 

a short cytoplasmic c-terminal tail that could indicate they have some role in sensing 

and signaling. Furthermore, a few members of this family contain motifs indicating they 

could be cleaved and potentially regulated by rhomboid proteases (Angelica Riestra, 

unpublished). This study revealed that while T. vaginalis encodes gene families with 

many members, for any particular strain, only a few select members of the family are 

expressed. This selective expression could be important to intrinsic parasite behaviors 

like attachment or could be part of a repertoire that parasites use to adapt to their 

changing environment. There are many other protein families identified in this study that 

would be exciting to examine in further detail.  
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The discovery of exosomes 

Another interesting family of proteins identified in the surface proteome study 

was the tetraspanin family (3, 4). While members of this family were not differentially 

expressed, tetraspanins are molecular facilitators with roles in diverse functions such as 

cell adhesion, growth, motility, and proliferation. An examination of one particular 

member of the tetraspanin family, Tsp1 (Tvag_019180), led to the discovery that the 

parasite secretes small vesicles characterized as exosomes. Prior to this study, it was 

not known that T. vaginalis secretes exosomes. Characterization of the parasite 

exosome proteome showed that it contained both core conserved exosomal proteins 

and those unique to T. vaginalis. Among the unique proteins are those that could be 

involved in pathogenesis as they include surface proteins, proteases, and mimics of 

human host proteins (Chapter 3, (5)). We show that these exosomes can fuse with and 

deliver contents to host cells (Chapter 3, (5)). These exosomes also contain parasite 

RNA (Chapter 3, (5)) which could potentially be involved in modulating gene expression 

of target cells. In fact, we show that the parasite exosomes can also modulate host 

immune response and aid in parasite attachment to host cells (Chapter 3, (5)). 

Moreover, the ability of exosomes to increase attachment of the lowly adherent strain 

G3 was dependent on the attachment properties of the parasite strain from which they 

were isolated (Chapter 3, (5)). This could be a result of differing abilities to fuse with 

host cells to deliver cargo or it could indicate that exosomes from different strains 

contain different cargo. Future studies on comparing the exosomal contents of various 

strains will lend more insight into the contribution of exosomes to parasite attachment 

and cytolysis and help to identify proteins involved in host:pathogen interactions. RNA-
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sequencing of parasite exosome contents may also shed light on the potential 

mechanisms utilized to modulate host gene expression. Transcriptomics studies of host 

cells exposed to parasites and exosomes will also be very enlightening as to 

mechanism of action of exosomes. This study lays the groundwork for many future 

studies on exosomes and opens up new areas of research such as the use of T. 

vaginalis exosomes for diagnosis of infection or vaccination. 

Further insight into exosome function 

From the exosome project, we further analyzed TvMIF. To our knowledge, this 

study on TvMIF is the first demonstration that T. vaginalis parasites can produce a 

human cytokine homolog that can modulate host cell signaling and behavior. In Chapter 

4, we characterize TvMIF and show that in addition to tautomerase activity, it can inhibit 

the random migration of human monocytes and induce cytokine secretion from human 

monocytes. We also demonstrate that TvMIF is secreted both by parasites in vitro and 

during human infection. Interestingly, TvMIF is also found in exosomes (Chapter 3, (5)) 

and could potentially be delivered into the host cell and affect host gene expression via 

that route. HuMIF is non-classically secreted in both exosomes and by itself through an 

ABCA1 transporter. T. vaginalis encodes three potential ABCA1 transporters and it may 

be interesting to determine which, if any, is responsible for TvMIF secretion. Our study 

indicates that secreted TvMIF binds the HuMIF receptor CD74 with approximately the 

same affinity as HuMIF (Chapter 4). Furthermore, we show that TvMIF can trigger 

ERK1/2, Akt, and BAD phosphorylation and increase both proliferation and invasion of 

benign BPH-1 and cancerous PC3 cell lines (Chapter 4). These data suggest that 

TvMIF can phenocopy HuMIF and help create a pro-carcinogenic environment. To our 
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knowledge, this study is the first to examine a potential molecular basis for the 

increased risk of prostate cancer that results from T. vaginalis infection.  

In addition to TvMIF, we also examine, Tvag_400860, an exosomal and surface 

GP63-like metalloprotease. We show that it that has roles in both parasite attachment 

and cytolysis (Chapter 5). Furthermore, we show that the effects of Tvag_400860 are 

dependent on preservation of the conserved HEXXH catalytic motif (Chapter 5). This is 

the first study to demonstrate a role of a GP63-like protease in T. vaginalis attachment. 

Further work on the mechanism by which this protease acts will contribute to knowledge 

of this large family of proteins. Future work to verify deliver of Tvag_400860 via 

exosomes into host cells or if it is on the membrane, onto host cells, will give us an 

better idea of mechanism. Furthermore, studies with recombinant Tvag_400860 or pull-

downs of purified protein to examine protease activity will help us elucidate how 

protease activity is regulated. Additionally, of the 215 exosome proteins we identified, 

we have only studied Tvag_400860 and TvMIF in detail. There are many other proteins 

in the exosome proteome that may be also be involved in T. vaginalis pathogenesis.  

Future Directions 

This work has shed light on novel proteins involved in parasite adherence and 

demonstrated the existence of exosomes in host:pathogen interactions but, there are 

many more factors yet to be discovered. Analysis of surface and exosome proteomes 

from additional strains may help to identify more proteins involved in pathogenesis, 

particularly parasite attachment to different host cells. Due to the large variation in 

parasite adherence and cytolysis properties on male prostate cells versus female 

ectocervical cells (2), we predict that large proteomic studies could reveal very 
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interesting candidate proteins involved in these phenotypes. Finally, we hope to 

elucidate the mechanism used by these novel factors (e.g. host receptor or interacting 

proteins) in increasing attachment. Preliminary quantitative mass spectrometry studies 

of exosomes isolated from different strains indicate that there is strain variation in 

protein content packaged in exosomes. It is currently unknown how host cells or 

parasites uptake exosomes or if exosomes from different strains are uptaken with 

different efficiencies. The creation of a stable splitGFP host cell lines would greatly 

facilitate these studies. As host cells also secrete exosomes, it would be interesting to 

study the effect of host cell exosomes on parasites. The generation of parasites 

expressing a fragment of splitGFP would greatly enhance our ability to examine the 

effect of parasite exosomes on other parasites and host exosomes on parasites. Further 

studies will be required to determine the full role of exosomes in host:pathogen 

interactions and the mechanisms behind exosome-induced phenotypes. 

 While attachment to host cells has been established to be crucial to survival of 

this extracellular parasite, much less is known about the parasite and clinical disease. In 

fact, a large majority of those infected with T. vaginalis remain asymptomatic. This is 

thought to result in long-term chronic infection that increases patient risk for acquisition 

of HIV, infertility, cervical cancer, and prostate cancer (6-15). Though a few studies 

have associated T. vaginalis with increased risk and aggressiveness of prostate cancer 

(12, 13), the mechanism of this increased risk was unknown. The work in this 

dissertation uncovers one parasite protein, TvMIF, that may play a role in the pro-

carcinogenic properties of T. vaginalis through its induction of inflammatory cytokines as 

well as its binding to the human MIF receptor to increase growth and invasion of 
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prostate cells. We are only beginning to understand the effects of the parasite on the 

host but both TvMIF and exosomes clearly can impact host cell immune modulation. 

Increased understanding of the host response to parasites and parasite molecules that 

could modulate the host immune system or alter host cell signaling pathways will help 

us to better understand the clinical spectrum of infection.  

 Several technical hurdles such as the establishment of an animal model for T. 

vaginalis infection have yet to be overcome and have contributed to the struggle in 

understanding the pathogenesis of the parasite. Vaginal mouse models of infection 

have been tried but long-term infection is difficult to establish (16-18). With the finding 

that parasite exosomes that may aid parasite behaviors to promote host colonization 

and the role of TvMIF in human prostate cancer, we believe that a male mouse model 

involving injection of T. vaginalis parasite into the mouse prostate may be possible. The 

creation of a mouse model would be invaluable to studying the role of the novel surface 

and secreted molecules discussed in this dissertation and provide in vivo validation of 

the effects described.  In particular, infection with T. vaginalis in a mouse prostate long-

term would help determine whether chronic T. vaginalis definitively results in increased 

risk and/or aggression of prostate cancer. Furthermore, it would be extremely exciting to 

see whether parasite exosomes could be isolated from an infected mouse to diagnose 

infection.  

Exosomes are easily isolated from blood, urine, saliva, and other bodily fluids 

(19). In other parasites such as Plasmodium falciparum, the causative agent of malaria, 

infected cells produce about 10 times more vesicles than uninfected cells (20). It would 

be interesting to investigate increased exosome production is also seen in T. vaginalis 
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infected animals or humans. The accessibility of exosomes and fairly rapid profiling of 

their cargo has many important future clinical applications, such as rapid diagnostics, 

typing of parasite infections, or prognostics. As exosomes contain the protein or RNA 

signatures of pathological or physiological states of their source cell, analyses of these 

vesicles could allow for non-invasive monitoring of pathogen response to newly 

developed drugs in animal models. For example, alterations of the size and contents of 

bacterial vesicles in antibiotic treated animals has been detected by analyzing fluids 

from infected hosts (21). Lastly, exosomes that are loaded with proteins and RNA 

derived from pathogens might be used as vaccines. Proof of principle lies in the 

meningitis B vaccine directed against bacterial vesicles (21). Similarly studies on 

Plasmodium yoelli (22) and Toxoplasma gondii (23) show parasite exosomes or 

exosomes from infected host cells can protect naïve animals from infection. Thus, 

exosomes may serve as both biomarkers for infection as well as vaccine candidates. 

Although we have only scratched the surface towards understanding the functions of 

exosomes in T. vaginalis infection biology, it is clear research on these exosomes holds 

many treasures yet to be discovered.  
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