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ABSTRACT OF THE DISSERTATION 

 

 

Characterization of Trichomonas vaginalis Survival Factor under Nutrient Starvation and 

A Protein That Mediates Parasite Host Cell Binding and Killing  

 

by 

 

Yi-Pei Chen 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2018 

Professor Patricia J. Johnson, Chair 

 

Trichomonas vaginalis is a unicellular extracellular sexually transmitted parasite. While 

the infection may be cleared by nitroimidazole drugs, in cases where re-infection occurs or the 

treatment fails, the infected individual may live with inflammation, soreness, pain or itch 

surrounding urogenital areas without an alternative solution. To establish an infection, T. 

vaginalis attaches to the host and acquires nutrients from the host. Several parasite surface 

molecules and its secreted exosomes have been shown to be important for the parasite 

attachment to the host. However, none of the factors identified is solely responsible for host cell 

binding. In this study, we characterize a parasite surface protein TVAG_393390 (or cadherin-like 

protein) that significantly increases host binding and killing when it is overexpressed. In 

addition, to also understand how the parasite survives in the host under nutrient-deficient 
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conditions, we unravel the role of a survival protein in the parasite (TvMIF) that is homologous 

to human macrophage migration inhibitory factor (huMIF). We found that TvMIF-

overexpressing parasites gain a strong survival advantage under nutrient stress. To obtain further 

insights into functions of parasite proteins, we adapted gene knockout method CRISPR (cluster 

regularly interspaced palindromic repeat)-Cas9 (CRISPR-associated protein 9) in T. vaginalis to 

efficiently knock out genes of interest. We then successfully knocked out TvMIF gene using 

CRISPR-Cas9 and observed a significant reduction in the survival of TvMIF knockout cells 

compared to the wild-type when these parasites were serum-starved. Last, we examine the 

human innate immune responses to T. vaginalis encounter. Human macrophages and dendritic 

cells produce strong inflammatory responses when T. vaginalis and Mycoplasma hominis are 

both present but remarkably less when M. hominis is absent. Together, these data reveal several 

independent mechanisms which allow T. vaginalis to successfully establish infection in human 

bodies and provide a framework for future studies on the “trichy” parasite. 
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Trichomonas vaginalis is the causative agent of the most common non-viral sexually 

transmitted infection, trichomoniasis, both in the United States and the world [1]. Trichomoniasis 

has been classified as a neglected parasitic infection for being underestimated for its public 

health impact and disproportionate effects on minorities [2]. In fact, T. vaginalis infection 

outnumbers the total infection numbers of Neisseria gonorrhoeae, Chlamydia trachomatis and 

syphilis combined [1]. Poor recognition of the disease has been contributed to 70-85% 

asymptomatic nature of the infection [3]. However, in the symptomatic cases, mild to moderate 

levels of inflammation in the men and women’s urogenital tracts is observed [2][4]. The 

symptoms include pain during sex and urination, lesions of urogenital epithelium, vaginal 

discharge, unpleasant smell, itching and irritation [2][3]. In worse scenarios, preterm labor [5], 

increased risks of other sexually transmitted diseases including human immunodeficiency virus 

(HIV) [6], and higher risks of cervical cancer [7] and extraprostatic cancer development have 

also been reported [8].  

The current treatments for trichomoniasis are two different nitroimidazole drugs, 

metronidazole and tinidazole. Metronidazole is prescribed first and if the treatment fails, 

tinidazole with longer half-life is then prescribed [9][10]. Clinical data have recorded failed 

treatment using both nitroimidazole drugs [11]. In addition, drug-resistant parasites are reported 

to be on the rise [12]. The mode of actions of both drugs are not fully understood but evidence 

suggests that the nitroimidazoles form adducts with proteins and damage of the proteins induced 

by drug toxicity results in T. vaginalis killing [13]. The nitro functional group for drug activation 

of the two 5-nitroimidazoles is identical so it is likely that the parasite strains resistant to 

metronidazole are also resistant to tinidazole. Successful treatment in patients does not prevent 
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them from being re-infected. As a result, there is a need to develop novel treatments for 

trichomoniasis. 

Biology of T. vaginalis survival mechanisms under stress 

Understanding the parasite biology is crucial to drug development. For example, how the 

parasite survives in the constantly changing vaginal environment is poorly understood [10]. 

Targeting parasite survival factors can be used to prevent trichomoniasis. As an obligatory 

human parasite, T. vaginalis acquires nutrients from human host in order to survive and grow 

[10]. For example, T. vaginalis has high demand for iron uptake [14]. Iron-containing proteins 

from humans such as hemoglobin provide an iron source for T. vaginalis growth and its iron-

containing enzymes [15][16]. Under iron-deficient condition, T. vaginalis accumulates nitric 

oxide to maintain its survival [17]. Glucose levels of vaginal secretions from T. vaginalis-

infected patients reveal that the glucose concentrations can vary between 0.3 and 36.65 mM [18]. 

Under glucose restriction, T. vaginalis displays autophagic behavior and increases expressions of 

anti-oxidant genes which result in induced resistance to hydrogen peroxide [19]. Programmed 

cell death (apoptosis) in a protozoan parasite such as T. vaginalis has been speculated to be a 

mechanism to enhance population fitness under these stressful conditions [20] or reduce a 

potential risk of causing fatal effects on the host if the parasites overgrow [21]. Regulated death 

may prevent release of toxic elements from dying parasites [20] as we know in mammalian 

systems, necrosis releases a protein that can trigger inflammation [22]. Apoptosis has been 

described in T. vaginalis when treated with apoptotic inducers [23]. Drugs-induced apoptosis 

shows DNA condensation and fragmentation, externalization of phosphatidylserine on cell 

surface, and dissipation of hydrogenosomal (mitochondria-related organelle) membrane potential 

[23]. A closely related species Tritrichomonas foetus also demonstrates DNA condensation and 
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fragmentation when treated with hydrogen peroxide [24]. In addition, T. foetus exhibits vesicular 

formation and reaction with anti-human/mouse-caspase-3 antibody with immunocytochemical 

staining [24]. However, there is no homologous caspase 3 present in T. foetus or T. vaginalis 

[24].  This could mean the active sites of the caspase are conserved in T. vaginalis and can be 

recognized by the human/mouse antibody but the rest of the protein is too dissimilar to be 

identified by analyzing the primary sequence with BLAST. It is notable that metacaspases which 

are believed to have the same role as mammalian caspases in yeast are also present in protozoan 

parasites but their specific roles in parasites are not entirely understood [25][26]. Other 

conserved apoptotic players such as endonuclease G, caspase-activated DNase or inhibitors of 

caspase-activated DNase in other eukaryotic systems are not identifiable by searching the T. 

vaginalis genome [21]. Apoptosis in T. vaginalis presents some similar features as in 

multiceullar eukaryotes but the mechanism and the players involved are likely to have diverged. 

Biology of T. vaginalis adherence mechanisms 

T. vaginalis is an extracellular parasite. The biology of T. vaginalis factors involved in 

parasite binding to its host is critical for understanding how the parasite establishes the infection. 

Killing of host epithelial cells by T. vaginalis is contact-dependent [27]. The differences between 

26 examined T. vaginalis strains in host cell adherence and killing are up to 45-fold and 96-fold, 

respectively [27]. The drastic differences between T. vaginalis strains allow us to study the 

parasite factors involved in host binding and killing. A T. vaginalis surface proteome comparing 

3 adherent strains and 3 less adherent strains revealed proteins that are more abundant in the 

adherent strains relative to the less adherent strains that may be involved in attachment [28]. The 

main polysaccharide lipoglycan (LG) found on T. vaginalis surface was found to be involved in 

host binding [29][30]. LG mutant parasites created by chemical mutagenesis significantly 
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reduced adherence to host and LG isolated from the parasites competes with wild-type parasite 

binding to host [30]. Other T. vaginalis factors such as laminin-binding proteins [31], adhesins 

[32][33][34] and cysteine and serine proteinases [35][36][37][38] have also been found to play a 

role in host binding. Recently, our laboratory demonstrated that parasite-derived small, secreted 

vesicles called exosomes mediate host attachment via both host:host and host:parasite 

interactions [39][40][41]. By pre-incubating either the parasites or the host, or both with 

exosomes from a highly adherent strain increases parasite adherence to host in less adherent 

strain [39]. In this dissertation, another T. vaginalis surface protein that plays an important role in 

adherence and host killing will be described in Chapter 3.  

Host immune responses to T. vaginalis 

Immune responses from human cells to T. vaginalis have been characterized to 

understand why chronic infection and re-infection can occur. Antibodies against T. vaginalis 

have been reported to be present in infected patients [42][43]. Our laboratory has found that 

primary human T cells and B cells are killed by a clinical T. vaginalis strain but much less so by 

a laboratory adapted strain and T. vaginalis [44]. Phagocytosis of leukocytes by T. vaginalis [45] 

and cysteine proteinases that can degrade host antibodies have been described [46]. Killing of 

leukocytes by T. vaginalis could be one of the reasons why the parasite is able to maintain a 

chronic infection. We and others found that only low levels of IL-8 are secreted by human 

monocytes by T. vaginalis alone, either laboratory adapted or clinical strain, but the presence of 

T. vaginalis with its symbiotic bacteria Mycoplasma hominis results in significant increase in IL-

8 production and induction of IL-6 and IL-1β that are not detectable in M. hominis-free samples 

[44][47]. T. vaginalis and M. hominis co-infection occurs at 5-90% rates. The dramatic 

differences in co-infection rate depends largely on the sources of the samples [48] and the 
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dissimilarity  between M. hominis-free and hominis-containing cytokine responses could be 

responsible, at least in part, for the diverse infection outcomes.  

T. vaginalis exosomes also induce IL-6 and IL-8 responses from host ectocervical cells 

(Ects) [39]. In addition, IL-8 cytokine induction is lessened when Ects are pre-incubated with T. 

vaginalis exosomes, a potential mechanism that the parasite employs to minimize the host 

immune response by priming the host with the parasite exosomes [39]. Olmos-Ortiz et al 

examined other immunomodulatory roles of T. vaginalis exosomes [49]. They found that T. 

vaginalis exosomes induced IL-10, IL-6 and TNF-α from mouse macrophages and in their 

mouse model, pretreatment with the exosomes significantly reduced the inflammatory responses 

[49], reminiscent of our in vitro study [39]. Identification of a homologue of human cytokine 

macrophage migration inhibitory factor in T. vaginalis (TvMIF) reveals a secretory factor which 

induces IL-8 production from human monocytes [50]. Isolated LG from the parasite surface is 

also found to induce a large amount of IL-8 and macrophage inflammatory protein 3α, and mild 

IL-6 responses from Ects [51]. However, whether M. hominis is present or not in the LG 

preparation was not addressed. Revisiting the story with the M. hominis-containing and M. 

hominis-free controls may be necessary to parse the true immunomodulatory roles of LG. 

Additionally, T. vaginalis contains endosymbionts that are double-stranded RNA (dsRNA) 

viruses called T. vaginalis viruses (TVVs) [52].  A TVVs-containing strain upregulates Toll-like 

receptor 3, and also induces IL-8, IFNβ, Regulated upon Activation, Normal T-cell Expressed, 

and Secreted (RANTES), IL-1 and MIP-3α production in host cells while a TVVs-free strain 

does not [53].  T. vaginalis and its symbionts have multiple factors that could elicit host immune 

responses and more may yet to be discovered.  

Lacking genetic tools to study T. vaginalis biology 
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Despite the interesting findings revealed previously by using molecular biology, 

biochemical and other tools, there are numerous technical limitations that restrict researchers in 

the field from better understanding T. vaginalis biology. Introducing DNA to T. vaginalis using 

electroporation was demonstrated more than two decades ago [54] but only ~3% of the parasites 

obtain the plasmids using this method and thus, selection with a drug-resistant marker is required 

[55]. In addition, using immunofluorescent assays to detect multiple overexpressed proteins in 

the parasites in separate experiments in our laboratory suggests that the existing transfection 

method results in highly variable protein expression levels within a population (Fig. 1-1). This 

renders characterization of protein function ambiguous. Large gene family amplification, 

abundant repetitive elements in the genome [56] and low transfection efficiency has impeded the 

development of gene knockout tools in T. vaginalis. Prior to the development of CRISPR (cluster 

regularly interspaced palindromic repeat)-Cas9 (CRISPR-associated protein 9) in T. vaginalis, 

only two separate knockouts have been accomplished using traditional homologous 

recombination method [57][58]. In this dissertation, adaptation and employment of CRISPR-

Cas9 in our laboratory to knock out T. vaginalis genes will be described as a much more efficient 

method than traditional homologous recombination [55].   

Due to low success rate of gene depletion in T. vaginalis, knockdown of transcripts of 

gene in the parasites was used as an imperfect alternative. MicroRNAs (miRNAs) and its 

machinery have been identified in T. vaginalis [59]. An endogenous miRNA and introduction of 

its mimics reduced T. vaginalis malate dehydrogenase protein expression by 60% [60]. Use of 

synthetic small interfering RNAs (siRNAs) reduced the transcripts of two genes by 48-67% and 

33-72% [61]. Antisense targeting a transcription factor Myb3 [62], a metabolic enzyme 

glyceraldehyde-3-phosphate (GAPDH) [63], and two surface proteins involved in parasite 
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adherence, AP33 [33] and AP65 [34], and a major serine/threonine protein phosphatase called 

protein phosphatase 1 gamma [64] have been reported separately. Despite multiple attempts on 

knocking down genes in T. vaginalis were described, experiences in our laboratory revealed that 

knocking down genes is unreliable and the results are inconsistent (unpublished data). The 

presence of residual gene expression in knockdown parasites also prevents full characterization 

of a protein. Hence, efforts towards development of a reliable knockout system in T. vaginalis 

became essential.  

The goals of my dissertation are to focus on understanding T. vaginalis proteins and host 

responses in shaping how the parasite becomes a “successful” parasite. First, a T. vaginalis 

protein called TvMIF is a survival factor for the parasite to survive in the constantly changing 

host environment [10]. How TvMIF enhances the parasite survival is described in Chapter 2. 

Chapter 3 focuses on a different protein called TVAG_393390 (or cadherin-like protein) which 

plays a critical role in parasite binding to and killing of host cells. To better understand parasite 

proteins and their function, we adapted CRISPR-Cas9 for knocking out genes in T. vaginalis, as 

discussed in Chapter 4. In Chapter 5, we shifted our focus from parasite factors to host immune 

responses to the infection to understand the other side of the story in this host:pathogen 

relationship.   
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Figure 1-1: Immunofluorescent assay on TvMIF-overexpressing cells with anti-HA and 

DAPI staining to show variations of exogenous protein levels between cells. Standard 

transfection of T. vaginalis using G418-selection to exogenously express an epitope-tagged 

protein shows expressions of the protein are highly variable. Parasites shown here are expressing 

TvMIF with HA tags. The white arrow denotes an example of a parasite nucleus stained with 

DAPI (blue) but has almost no exogenous expression of the TvMIF protein (red) within a 

transfection population. The yellow arrow denotes a parasite with high expression of exogenous 

TvMIF protein. Red: anti-HA. Blue: DAPI.    
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Abstract 

Trichomonas vaginalis, a worldwide prevalent sexually-transmitted parasite, adheres to 

and induces cytolysis of human mucosal epithelial cells. We have functionally characterized a 

hypothetical protein, TVAG_393390, whose tertiary structure modeling using Phyre2 revealed 

similarity to cadherin proteins. TVAG_393390 contains four predicted calcium-binding sites at 

structurally similar locations to cadherin proteins; thus we renamed it cadherin-like protein 

(CLP). CLP was found to be surface localized and CLP mRNA was significantly up-regulated 

when parasites contacted host cells. To test the roles of CLP and its calcium-binding domains in 

host cell adherence, wild-type CLP (CLP) and a calcium-binding site mutant (CLP-mut) were 

overexpressed in T. vaginalis. We found that CLP parasites have ~3.5-fold greater adherence to 

host cells relative to the empty vector control (EV), and this increased adherence is ablated by 

mutating the 4th calcium-binding domain. Additionally, competition with recombinant CLP 

decreased parasite binding to host cells. As cadherin proteins help mediate cell-cell interactions 

and adherent T. vaginalis strains also display parasite-parasite interactions, we tested the 

contribution of CLP and CLP-mut on parasite aggregation in the presence and absence of both 

calcium and host cells. Overexpression of CLP induced parasite aggregation whereas CLP-mut 

overexpression did not, and CLP-induced parasite aggregation was significantly increased in the 

presence of calcium, further establishing a Ca2+-binding dependency for CLP’s function. Lastly, 

parasites overexpressing wild-type CLP increases killing of host cells by ~3.3 and ~2.35-fold, 

compared to parasites overexpressing EV and CLP-mut, respectively. Our data identify the first 

CLP characterized in a unicellular eukaryote that contributes to both parasite-parasite and host-

parasite interactions. CLP may represent convergent evolution of a parasite cadherin protein that 
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is structurally similar to the mammalian cell adhesion protein cadherin and whose function also 

contributes to pathogenesis. 

 

Introduction 

Trichomonas vaginalis is an extracellular eukaryotic parasite that causes trichomoniasis, 

the most common non-viral sexually transmitted infection, which affects more than 275 million 

people worldwide annually [1]. In the United States, trichomoniasis is classified as a neglected 

disease due to limited knowledge of the consequence of infection and its disproportionate 

affliction of low-income populations and minorities [2][3]. Although the majority of T. vaginalis 

infections are asymptomatic, trichomoniasis can result in inflammation of the urogenital tract of 

both men and women, resulting in vaginitis, prostatitis, pruritus, dysuria and discharge [4]. 

Furthermore, T. vaginalis is also associated with adverse pregnancy outcomes and HIV co-

infection [5][6][7].   

As a parasite that does not invade host cells, it is critical for T. vaginalis to attach to 

urogenital epithelial cells in order to establish an infection and acquire nutrients from host cells. 

T. vaginalis can also attach to, lyse, and phagocytose leukocytes and red blood cells [8][9]. T. 

vaginalis strains display different abilities to bind host cells in vitro, with up to a 45-fold 

difference in attachment observed between different strains [10]. Therefore, understanding the 

molecular mechanisms of how T. vaginalis attaches to host cells is the key to understanding how 

the parasite establishes infection. In an attempt to determine what factors play a role in 

adherence, we previously compared the plasma membrane surface proteome of 3 adherent and 3 

less adherent T. vaginalis strains, identifying proteins that are significantly more abundant in the 

adherent strains relative to the less adherent strains [11]. Mining this surface proteomics data 
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revealed a hypothetical protein, TVAG_393390, that is more abundant in 2 out of 3 adherent 

strains relative to less adherent strains by 1.7 to 3.4-fold [11]. TVAG_393390 was also identified 

as a putative substrate of the T. vaginalis rhomboid protease 1, TvROM1, a membrane serine 

protease that we have shown is involved in parasite attachment and host cytolysis [12]. Together, 

these findings highlight a potential role of the TVAG_393390 protein contributing to T. 

vaginalis-host cell interactions. 

T. vaginalis cell-cell interactions may also be an important phenotype contributing to 

pathogenesis. Groups of parasites are readily visible when attached to ectocervical cells and 

prostate cells [13][14]. The ability of T. vaginalis to aggregate also correlates with a strain 

having higher host cell adherence and cytolytic properties [15]. In metazoans, the strongest 

forms of cell-cell attachment are mediated by cadherin proteins that bind to each other on 

apposing cells forming adherens junctions [16]. While single-celled eukaryotes, such as T. 

vaginalis, do not contain cell junctions, it has been hypothesized that protein precursors found in 

protozoans may have given rise to the complexes that allowed cell-cell interactions leading to 

multicellularity [17][18]. Bioinformatic analysis revealed that TVAG_393390 is predicted to be 

structurally similar to metazoan cadherin proteins, indicating its potential role in mediating cell-

cell adhesion in the protozoan T. vaginalis. 

Classic cadherin proteins are large single-pass, transmembrane proteins with extracellular 

cadherin (EC) repeats, calcium-binding sites, and a cytosolic tail that is involved in intracellular 

signaling and interactions with p120 catenin, β-catenin, α-catenin and, indirectly, with f-actin 

[19][20]. Cadherin proteins are involved in both homophilic and heterophilic interactions [21]. 

Homophilic interactions occur when cadherin protein binds to the same type of cadherin protein 

in trans on another cell. A classic example is the mouse epithelial cadherin (E-cadherin), which 
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mediates cell-cell interactions in epithelial cells [22][23][24]. Heterophilic interaction involves 

cadherin proteins binding to a different type of cadherin protein on a different cell type [25]. An 

example of a heterophilic interaction that has a role in pathogenesis, is the binding of the human 

E-cadherin protein to a bacterial Listeria monocytogenes surface protein, an interaction which 

helps to mediate invasion of the bacteria [25].  

Here we characterize TVAG_393390 and show that it is structurally and functionally 

similar to cadherin proteins. This cadherin-like protein (CLP) was also found to play significant 

roles in parasite attachment to and lysis of host cells, as well as parasite aggregation. CLP may 

thus represent an evolutionary relic of cadherin-like proteins. To our knowledge, this is the first 

report of a cadherin-like protein in protozoans contributing to host-pathogen and parasite-

parasite interactions.  

 

Results 

Bioinformatic analysis reveals that TVAG_393390 is structurally similar to cadherin 

proteins  

The T. vaginalis protein encoded by TVAG_393390 is listed as a conserved hypothetical 

protein in the genome sequence database for T. vaginalis (trichdb.org/trichdb). This protein was 

found to be more abundant in the surface proteome of adherent T. vaginalis strains relative to 

less adherent strains by 1.7 to 3.4-fold [11]. We also identified TVAG_393390 as a putative 

substrate of a T. vaginalis rhomboid protease demonstrated to be involved in parasite attachment 

and host cytolysis [12]. To further investigate a potential role of TVAG_393390 in the T. 

vaginalis adherence, we searched both the gene sequence and the protein sequence using 

National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool 

http://www.trichdb/
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(BLAST) and found no homologues in other organisms. We also used InterPro [26] and Pfam 

[27] analyses to identify functional domains and none was identified. Next, we employed a 

secondary structure prediction program called Phyre2 which predicts protein structure by 

comparing a large database of known protein secondary structures and building three-

dimensional models based on the identified homology [28]. Using this approach, we found that 

the most common modeling for TVAG_393390 to a particular type of protein was to cadherin 

proteins, with each model having at least 97.9% confidence scores (probability that a template is 

homologous to our sequence) and 7% identity (Fig. 3-1A). Fig. 3-1B shows a TVAG_393390 

model derived using one of the highest ranking tertiary structures, mouse E-cadherin protein. 

Similar to cadherin proteins, TVAG_393390 is predicted to have 5 extracellular domains with 

the classical β-sandwich domains and Greek-key folding of cadherin proteins [29][30] (Fig. 3-

1B).  

Another defining characteristic of cadherin proteins is their binding to extracellular Ca2+ 

via calcium-binding pockets located in between the extracellular domains [31]. Visual inspection 

of the TVAG_393390 protein sequence for the highly conserved Ca2+-binding sites LDRE, 

DXD, DXXD, x = any amino acid [29], located at the interfaces of the extracellular domains 

predicted by Phyre2, identified four candidate Ca2+-binding sites (Fig. 3-1C). TVAG_393390 is 

also predicted to have one transmembrane domain, near the C-terminus of the protein, based on 

the transmembrane protein topology prediction software TMHMM [32]. Thus, the predicted 

orientation of TVAG_393390 would result in the cadherin-like modeled region being exposed to 

the outside of the cell with a small C-terminal tail located intracellularly (Fig. 3-1B). Due to 

TVAG_393390’s high confidence modeling to cadherin proteins and the presence of key 

cadherin-like features, we renamed TVAG_393390 as cadherin-like protein (CLP).  
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CLP is expressed on the surface of the parasite 

To determine whether CLP was surface-localized and displays the predicted orientation, 

we cloned the gene in our standard T. vaginalis expression vector, MasterNeo [33] under the 

control of T. vaginalis α-succinyl Co-A synthetase promoter and fused with two C-terminal 

hemagglutinin (HA) tags. The construct was then introduced into T. vaginalis by transfection and 

parasites were selected with G418 as previously described [34]. Using indirect 

immunofluorescence assay with an anti-HA antibody, exogenously overexpressed CLP was 

shown to localize to the surface of the parasite (Fig. 3-2A & B). Since it is also predicted that the 

C-terminal tail of the protein with the fused HA tags will be located inside the cell, to further 

probe the orientation of CLP, we performed indirect immunofluorescence with and without 

permeabilization. We found that the fluorescent signal from CLP is significantly stronger when 

the parasites are treated with a permeabilizing agent (Fig. S3-1A & C) as permeabilization 

allows anti-HA antibody access to the intracellular HA tags. These results provided additional 

support that the C-terminal domain of CLP is located inside the cells. The data are consistent 

with the predicted CLP structure generated with the Phyre2 analysis (Fig. 3-1B) and 

demonstrated that overexpression of the protein resulted in the predicted membrane localization 

with the cadherin-like domains being exposed on the outer surface of the parasite. Therefore, the 

predicted CLP protein topology is graphically depicted in Fig 3-2C.   

CLP mRNA is up-regulated during host contact 

Upon parasite contact with human ectocervical cells (Ects), T. vaginalis up-regulates 

expression of a variety of proteins including actin, actin-binding proteins [35] and tetraspanin 

proteins (TvTSP3, TvTSP5, TvTSP6, and TvTSP8), the latter of which are transmembrane 

proteins that modulate their own expression and subcellular localizations during host contact 
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[15][36]. Thus, we hypothesized that surface localized CLP might be up-regulated upon 

interaction of T. vaginalis with host cells. To test this, wild-type parasites were incubated with 

human Ects for 30 min, 1 h, 2 h or 6 h, followed by removal of unbound parasites in suspension 

and extraction of RNA from only the parasites adhered to Ects. We found that CLP mRNA is up-

regulated by ~5-fold, 19- and 20-fold at 1h, 2h and 6h, respectively, relative to 30 min after host 

contact (Fig. 3-3). As reduced temperature might affect the ability of the parasites to sense the 

environment initially and modulate surface protein expression, we used 30 min instead of 0 min 

for baseline comparison because immediately before co-culturing the parasite with Ects, the 

parasites are exposed to 4°C to collect and concentrate them. These data support a role for CLP 

in host cell sensing and/or binding. 

Calcium binding is predicted to be important for the function of CLP  

Calcium binding plays a critical role in the adhesive role of cadherin proteins by 

rigidifying the extracellular domains and mediating binding between cadherin proteins on 

apposing cells [37][38]. Specifically, aspartate residues that help coordinate calcium ions at the 

base of the cadherin extracellular domains constitute one of the most conserved domains of 

cadherin proteins across different species [29]. Therefore, to understand how CLP functions, we 

used Phyre2 and SuSPect mutational analysis to help identify which aspartate residues of the 4 

predicted Ca2+-binding domains [28][39] (shown in Fig. 3-1C) would lead to the strongest 

phenotypic effects if mutated (Fig. 3-4A and Fig. S3-2). The two aspartate residues D443 and 

D445 in the putative fourth Ca2+-binding domain are predicted to be the most sensitive to 

mutation (Fig. 3-4A and Fig. S3-2) so we proceeded to mutate both of these residues to alanine 

as this type of mutation is standardly performed to study the function of calcium-binding 

domains in cadherin proteins [40]. We then overexpressed both the wild-type CLP (CLP) and the 
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D443A D445A CLP mutant (CLP-mut) with an N-terminal GFP tag in T. vaginalis and an empty 

vector (EV) as a negative control. Next, we compared the expression of CLP and CLP-mut 

proteins in the selected transfectants and found that expression of the wild-type CLP and CLP-

mut was similar as determined by immunoblotting using an anti-GFP antibody (Fig. 3-4B).  

CLP protein contributes to increased host cell binding which is dependent on the CLP 

calcium-binding domain 

To test whether CLP is important for host binding, we compared the ability of CLP vs 

CLP-mut overexpressing cells to bind host Ects. We found that CLP increases the host 

attachment by 3.5-fold compared to EV (Fig. 3-5A). In contrast, CLP-mut has a significantly 

decreased attachment phenotype that is similar to that of EV (Fig. 3-5A). This data strongly 

indicate a role for CLP in host cell binding.  

To further support the role of CLP in host cell binding, we competed parasite binding to 

Ects with addition of recombinant CLP. The extracellular domain (EC) of CLP (rCLP EC) was 

used instead of the entire protein for the ease of expressing the protein in E. coli periplasm and 

since is EC is predicted to be responsible for the cadherin protein-protein interactions [31]. We 

added rCLP EC to Ects for 30 min prior to the addition of parasites. We found that as the 

concentration of rCLP EC was increased, the percentage of parasite binding to the host cell 

decreased (Fig. 3-5B). These results further support a role of CLP in host binding.   

CLP contributes to parasite-parasite clumping and the effect is abolished in CLP-mut 

parasites 

We and others have observed that more adherent T. vaginalis strains appear to clump 

with each other more readily than poorly adherent strains. In addition, overexpression of the 

TvTSP8 surface protein which increases parasite adherence to host cells also increased parasite 
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clumping compared to the EV control parasites [15][10]. Furthermore, cadherin proteins are 

known to mediate homophilic interactions where cadherin proteins interact with the same type of 

cadherin on another cell [21][41][42]. We thus compared the clumping behavior of EV, CLP and 

CLP-mut parasites with or without Ca2+ and in the presence or absence of the host. CLP 

displayed a ~7.5-240 fold increase in parasite clumping compared to the EV control and CLP-

mut had almost the same levels of clumping as EV under all conditions tested (Fig. 3-6A & B). 

Addition of Ca2+ but not the presence of host cells significantly increased the clumping of CLP 

parasites (Fig. 3-6A & B). These data together suggest that the CLP-mediated clumping 

phenotype is calcium-dependent and the ability does not necessitate a host signal.  

CLP contributes to increased killing of host cells  

Since CLP is involved in host cell binding and parasite clumping, we hypothesized that 

these properties could also contribute to increasing host cell death as epithelial host cell killing 

by T. vaginalis is contact-dependent [10] and the increased parasite-parasite association may 

further increase the number of parasites attacking the host. We found that CLP overexpression 

increased host death by 3.3-fold compared to EV (Fig. 3-7). In contrast, CLP-mut only displayed 

a 1.4-fold increase in host killing compared to EV (Fig. 3-7). The slight increase in cytotoxicity 

observed with the CLP-mut may be due to the fact that the CLP-mut has one of the four 

hypothesized Ca2+-binding domains mutated so it may not completely abolish the enhanced 

killing effect of CLP.    

 

Discussion 

We have identified and characterized a surface protein of T. vaginalis called cadherin-

like protein (CLP) and showed that it plays a significant role in host binding, parasite clumping 
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and host cell killing. This is the first functional analyses of a cadherin-like protein in a 

unicellular eukaryote. Mammalian cadherin proteins are known to be co-opted for pathogen 

invasion or colonization by several bacteria and the pathogenic yeast Candida albicans  

[43][44][45]. However, the identification of CLPs or a role for unicellular pathogen CLPs in the 

adherent to and killing of mammalian cells have not been previously described to our 

knowledge. We show that this T. vaginalis CLP mimics the structure and the function of host 

cadherin proteins, raising the possibility that other parasites may also use CLPs with low 

sequence identity but with structural similarity to mammalian cadherins to interact with host 

cells. The presence of a CLP in T. vaginalis that is structurally and functionally similar to 

mammalian cadherins is likely an example of convergence evolution of 3D structures with 

similar properties, in the absence of strong primary sequence homology. 

Cadherin proteins are known to be involved in homophilic interactions that cause the 

same cell types to adhere to each other [25][41]. We observed that CLP-overexpressing parasites 

clump significantly more than empty vector control and the CLP mutant-overexpressing 

parasites, demonstrating a role for parasite CLP in homophilic adherence of parasites to one 

another. We also demonstrated that CLP-induced parasite clumping is significantly increased in 

the presence of calcium, consistent with the calcium-dependent homophilic interaction mediated 

by cadherin proteins [41]. Highly adherent strains of T. vaginalis have been observed to clump 

(i.e. adhere to each other) significantly more than poorly adherent strains [15]; however, the role 

of clumping in infection is unclear. To our knowledge, only another family of surface proteins, 

tetraspanins, have been have been found to help mediate parasite aggregation [15]. In 

mammalian cells, integrin proteins are one of the predominant protein groups complexed by 

tetraspanins [46]. However, the T. vaginalis genome does not contain any proteins annotated as 
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integrin-like. On the other hand, it has been reported that human E-cadherin protein interacts 

with its tetraspanin protein in colon carcinoma [47]. Therefore, future investigation into whether 

CLPs and TSPs functionally interact is merited. It should also be noted that this T. vaginalis CLP 

is predicted to have a small C-terminal tail with only 2 amino acid residues (Fig. 3-1B). In 

classical cadherin proteins, the C-terminal is important for cadherin-mediated signaling [48]. It is 

therefore possible that if CLP represents an early evolutionary form of cadherin-like proteins, 

part of its functions such as the role we observed in sensing the presence of host cells and 

increasing its expression in response, may in part be mediated by associating with other proteins 

that help recruit the signaling proteins. Overall, we speculate that parasites clumping increases 

the number of parasites attaching to host cells, which in turn, increases the likelihood of parasites 

successfully colonizing the host. Additionally, human neutrophils have been shown to kill T. 

vaginalis by taking bites from the parasites, in a process called trogocytosis [49]. Aggregation of 

the parasite could potentially protect parasites in the center of an aggregate from being attacked 

by neutrophils. Future analyses will better define the functional importance of parasites adhering 

to one another in parasite survival and infection.  

Pre-incubation of host cells with recombinant CLP (rCLP) reduced parasite binding to 

host cells, confirming a role for parasite CLP in host cell binding. While T. vaginalis attachment 

to host cells likely depends on multiple factors which have been identified to date [11] 

[12][50][51][52][53][54][55] [56][57][58], the highest amounts of rCLP tested reduced parasite 

binding by a significant 21% (Fig. 3-7). Furthermore, the observed 3.3-fold increase in host cell 

killing is also, to our knowledge, one of the strongest phenotypic effects mediated by exogenous 

expression of a single protein factor. E-cadherin and N-cadherin are expressed in the human 

male and female urogenital and reproductive tracts [59][60]. E- and N-cadherin are also found on 
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spermatozoa [60] to which T. vaginalis can also attach and phagocytose [61]. It is therefore of 

interest to investigate in future studies whether CLP has a conserved role in attaching to and 

lysing multiple cell types and how it may structurally mediate molecular mimicry.  

Previous functional studies on cadherin proteins have revealed that mutations at the first 

and second calcium-binding sites cause the strongest disruption in homophilic interactions of 

cadherin proteins that mediate cell-cell binding, whereas mutation at the latter two calcium-

binding sites have a slight or almost no effect [40][62]. However, antibody blocking experiments 

and subsequent mapping of the epitope of the blocking antibody points to a direct interaction 

between the antibody and the fourth calcium-binding site in E-cadherin protein [63][64]. Here 

we show that mutating the 4th calcium-binding domain in CLP almost completely reverses the 

enhanced host attachment, parasite clumping and host cell killing observed with parasites 

overexpressing the wild-type CLP. It is possible that the overexpression of the T. vaginalis 

protein mutated in the 4th calcium-binding domain results in a dominant negative effect on the 

endogenous wild-type CLP. Alternatively, the low identity of T. vaginalis CLP to mammalian 

cadherins (10%) (Fig. 3-1A) could explain why the 4th calcium-binding domain of T. vaginalis 

plays a significant role in host cell interactions relative to the 1st or 2nd domain. Further analyses 

of the evolution and function of this, and perhaps other, CLPs in pathogens is warranted.  

Although CLP surface expression levels are different in adherent vs less adherent T. 

vaginalis strains, the fact that CLP is expressed by all the six strains surveyed in our prior 

proteomics study [11] may indicate an important and conserved function. Our work has 

uncovered new roles for a family of previously undescribed proteins in T. vaginalis, helping us 

to further scratch the surface of the mechanistic interactions contributing to pathogenesis. Our 
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work also places T. vaginalis as a model organism for the broader study of cell-cell interactions 

and cell-cell adhesion.   

 

Material and Methods 

Bioinformatic analyses 

To predict TVAG_393390 function, we used InterPro [26], Pfam [27] and Phyre2 [28] 

programs to analyze its protein sequence and BLAST with both the gene and protein sequences 

published on TrichDB [65]. For Phyre2 analysis, we chose the intensive modeling mode, then 

used the “Run Investigator” feature using the mouse E-cadherin template and performed SuSPect 

mutational analysis on the four calcium-binding domains/eight aspartate residues in 

TVAG_393390. The topology of TVAG_393390 was generated with the TOPO2 program [66].  

T. vaginalis and ectocervical cell line Ect1 culture  

T. vaginalis strain RU393 (ATCC 50142) was grown as previously described [67]. 

Parasites were grown at 37°C and sub-cultured daily for up to 2 weeks. The human ectocervical 

cell line Ect1 E6/E7 (ATCC CRL-2614) (Ects) was grown and passaged as previously described 

[68].  

CLP wild-type and mutant plasmid construction and T. vaginalis transfection 

TVAG_393390 (CLP) wild-type sequence was cloned into the Master-Neo-(HA)2 

plasmid [33] or the N-terminal enhanced green fluorescent protein (eGFP)-Master-Neo plasmid 

[12]. Two rounds of site-directed mutagenesis were performed using QuikChange kit 

(Stratagene) in order to introduce the D443A and D445A mutations sequentially using the 

following primer sets. To introduce D443A mutation: D443A Fwd: 

CACAGCCGTAGTTGTTGcTCCAGATACTAACTTTG and D443A Rev: 
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CAAAGTTAGTATCTGGAgCAACAACTACGGCTGTG. To introduce the D445A mutation: 

D445A Fwd: GTAGTTGTTGcTCCAGcTACTAACTTTGATTCC and D445A Rev: 

GGAATCAAAGTTAGTAgCTGGAgCAACAACTAC. Introduction of the desired mutations 

was confirmed by sequencing (Genewiz). The constructs were transfected into T. vaginalis strain 

RU393 and parasites containing the constructs were selected using G418 as previously described 

[34].  

Indirect immunofluorescence assays 

Parasite transfectants overexpressing the wild-type (WT) CLP with C-terminal HAx2 

were plated on glass coverslips coated with 100 µg/ml of poly-l-lysine (Sigma) and then fixed in 

4% formaldehyde in phosphate-buffered saline (PBS) for 20 minutes. The cells were then 

permeabilized in 0.2% Triton X-100 in PBS or just PBS for non-permeabilized control for 15 

minutes and blocked in 3% BSA for 30 minutes. 1:1000 dilution of anti-HA mouse (BioLegend) 

and 1:5000 goat anti-mouse Alexa Fluor488-conjugated secondary antibody (Molecular Probes) 

were used for staining. The coverslips were then mounted using ProLong Gold Antifade 

Mountant with 4’,6-diamidino-2-pheylindole (DAPI) (Thermo Fisher Scientific). The images 

were taken by a Zeiss confocal microscope with Yokogawa spinning disc and analyzed with 

SlideBook 6 software.   

Real-time reverse transcription PCR (qRT-PCR) 

1 X 107 of non-transfected RU393 parasites were incubated with 80% confluent Ects for 

30 minutes, 1 hour, 2 hours or 6 hours. Unbound parasites were removed and RNA was collected 

by adding TriZol to attached parasites on Ects. Total RNA was purified by phenol-chloroform 

extraction and treated with TURBO DNase (Invitrogen). cDNA was prepared by using 

SuperScript III with oligo dT primers (Thermo Fisher Scientific). Platinum SYBR Green qPCR 
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SuperMix-UDG and the manufacturer’s protocol (Thermo Fisher Scientific) were used for real-

time PCR. T. vaginalis beta-tubulin was used as the housekeeping gene control. The primer 

sequences for beta-tubulin are Tub-f: GGCTCGTAACACATCCTACTTC and Tub-r: 

CTGTTGTGTTGCCGATGAATG. The primer sequences for CLP are 393-f: 

GACGATGTTGTTAATTTCACAGCC and 393-r: CCATCAGAGTTTGATCTTGAAATTGA.  

Immunoblot Analyses 

Mouse anti-GFP polycloncal antibody (1:1,000) (Clontech) and anti-glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (1:10,000) (Cocalico Biologicals) were used as the primary 

antibodies and anti-mouse (1:25,000) and anti-rabbit (1:25,000) (Jackson Labs) were used as the 

secondary antibodies, respectively. 5 X 106 parasites were taken from T. vaginalis culture and 

washed with PBS + 5% sucrose + 1xHalt Protease Inhibitor Cocktail (Thermo Fisher Scientific). 

The cells were then lysed in lysis buffer (0.1% Nonidet P-40, 0.5% deoxycholate, 2% SDS, 50 

mM Tris, pH 8, 5 mM EDTA, 150 mM NaCl) + 1xHalt Protease Inhibitor Cocktail (Thermo 

Fisher Scientific). Equal amounts of proteins were loaded from each sample.   

Production and purification of rCLP ECD 

Sequence encoding the CLP ECD was cloned into the pET22b(+) expression vector 

flanked by a N-terminal pelB periplasm signal sequence and C-terminal 6xHis tag. The primers 

for cloning were pET22b_393-f: 

TAATTCGGATCCGATGATTTGGACTTTTTTATTGCAGGATG and pET22b_393-r: 

ACTAAGCTCGAGCTTCTTTTGTTTTTGCTGCTTTCTTTG. The plasmid was transformed 

into C41(DE3) E. coli cells [69]. An overnight culture was inoculated into 1L LB medium and 

when this culture reached OD600 = 0.5 expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 16h at 25°C. The culture was then spun at 5000 g for 10 min. 



 

49 

The cultured media was precipitated with 50% saturated ammonium sulfate at 4°C overnight and 

dialyzed against PBS overnight. Protein in the periplasm was extracted as previously described 

[70][71]. In brief, the cell pellet was washed with ice-cold 20% sucrose + 30 mM Tris pH8 + 1 

mM EDTA and then the periplasm was extracted with ice-cold 5 mM MgSO4. The periplasmic 

fraction was then dialyzed against PBS at 4°C overnight. A small-scale protein production was 

done initially to determine that rCLP ECD was abundant in both the culture media and 

periplasm. As a result, the medium fraction and the periplasmic fraction were combined and 

loaded onto HisPur Ni-NTA Spin column (Thermo Fisher Scientific). Purified rCLP ECD was 

dialyzed into PBS and the protein concentration was determined by Pierce BCA Protein Assay 

(Thermo Fisher Scientific).  

T. vaginalis attachment to Ects and attachment with rCLP ECD competition 

Attachment of T. vaginalis to Ects was performed as described in [10]. Briefly, 5 X 104 

of CellTracker Blue CMAC (Thermo Fisher Scientific) labeled T. vaginalis were incubated with 

confluent Ects for 30 minutes and the coverslips were fixed in 4% formaldehyde in PBS and 

mounted on slides using Mowiol (Calbiochem). Fifteen images of each coverslip were acquired 

using an Axioscope 2 epifluorescence microscope (Zeiss) and cell counts were quantified using 

Zen lite and Image J software.  

Attachment assays that included rCLP ECD to compete for Ect binding were performed 

using wild-type, non-transfected RU393 parasites and the difference in the procedure was 

addition of 0.25 µg, 1 µg or 4 µg of rCLP ECD or 4 µg of BSA as a negative control to Ects for 

30 min. Media was then removed and replenished with new media containing CellTracker Blue 

labeled parasites.  

Parasite clumping assay 
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The parasite clumping assay was done as described in [15] with modifications indicated 

below. CellTracker Blue CMAC (Thermo Fisher Scientific) pre-labeled T. vaginalis was plated 

at 1 X 106/ml on glass coverslips covered with confluent Ects or coverslips alone and incubated 

in completed keratinocyte-SFM with no CaCl2 or 1 mM of CaCl2 for 30 minutes. Parasites were 

then fixed in 4% formaldehyde in PBS and mounted on slides using Mowiol (Calbiochem). 

Fifteen images of each coverslip were acquired using Axioscope 2 epifluorescence microscope 

(Zeiss) and analyzed by Zen lite software. A clump is defined as an aggregate of 10 or more 

parasites. 

T. vaginalis-induced cytotoxicity of ectocervical cells 

Cytotoxicity of Ects was measured as described [10]. The only modification was 3 X 105 

parasites was added to confluent Ects and incubated for 4 hours.  
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Figure 3-1: Tertiary structure modeling of TVAG_393390 predicts cadherin-like protein 

function. (A) The most common high-quality 3D models of CLP predicted by Phyre2 revealed 

homology modelling to cadherin proteins. Characteristics of the aligned regions of these models 

are shown. (B) The predicted structure of TVAG_393390 generated by Phyre2 using one of the 

highest confidence models, mouse E-cadherin, as the template. (C) Inspection of TVAG_393390 

sequence for LDRE, DXD, DXXD, x = any amino acid revealed four predicted Ca2+-binding 

sites.  

  

A B 
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Figure 3-2 Cadherin-like protein (CLP) is localized to the surface of the parasites. (A) The 

parasite exogenously expressing CLP with two C-terminal HA tags (CLP-2X-HA) were stained 

for immunofluorescence microscopy using an anti-HA antibody (green) and 4’-6’-diamidino-2-

phenylindole (DAPI) for nuclear staining (blue). This image is representative of 60 parasite 

viewed. (B) Brightfield image of (A). (C) The predicted topology of CLP generated with the 

TOPO2 program [66]. The predicted orientation is based on results from immunofluorescent 

assays performed in the absence or presence of a permeabilizing reagent (Fig. S3-1) as well as 

from the structural prediction from Fig. 3-1B. Predicted transmembrane residues are shown in 

blue.  
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Figure 3-3 CLP mRNA is up-regulated during host contact. T. vaginalis was exposed to host 

ectocervical cells (Ects) for 1h, 2h and 6h and the amount of CLP mRNA was quantified by 

qRT-PCR. CLP mRNA levels relative to 30 min exposure time point are shown. CLP is up-

regulated 5, 19, and 20-fold after contact with Ects for 1h, 2h and 6h, respectively. 1 

representative experiment of 3 independent experiments is shown. Data shown are means of 

triplicates ± standard deviations. *** = p ≤ 0.001 
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Figure 3-4 Generation of a CLP calcium-binding mutant. (A) Phyre2 and SusPect analyses 

identify the predicted calcium-binding site composed of D443 and D445 as the most sensitive to 

mutation (see Fig. S3-2 for analysis and comparison of other predicted calcium-binding sites in 

CLP). The height and color of the bars shown in the legend indicate the predicted functional 

impact of mutating the aspartate residue to the amino acids shown at the bottom of the 

histogram. Long and red bars in the histogram indicate that introduction of that particular amino 

acid would lead to the greatest phenotypic change while short blue bars have the smallest 

predicted phenotypic effect. (B) A CLP mutant that has D443 and D445 mutated to alanines 

(CLP-mut) was generated to investigate the functional effects of calcium-binding in CLP. Wild-

type CLP and CLP-mut were exogenously expressed with an N-terminal GFP tag. As a negative 

control, parasites were transfected with an empty vector plasmid (EV). Immunoblot using an 

anti-GFP antibody confirmed that there are approximately equal amounts of CLP wild-type and 

CLP-mut overexpression. GAPDH is shown as a loading control. Fold represents the CLP 

expression levels between CLP and CLP-mut relative to CLP (=1). 
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Figure 3-5 CLP contributes to T. vaginalis adherence to host cells Ects. (A) Empty vector 

(EV) and CLP or CLP-mut transfectants were fluorescently labeled and incubated with Ects for 

30 min followed by quantification of adhered parasites. The average fold changes of CLP and 

CLP-mut relative to EV were 3.5- and 0.83-fold. (B) The ability of CLP’s extracellular domain 

to compete with T. vaginalis binding to host cells was tested by the addition of 0.25 µg (7.7 nM), 

1 µg (30.8 nM) or 4 µg (123.2 nM) of rCLP. Exogenous rCLP decreased host binding by 14%, 

19% and 21% compared to bovine serum albumin (BSA)-treated control. 

Both data represent 3 independent experiments, each performed in triplicate. Error bars indicate 

± standard deviations. * = p ≤ 0.05, ** = p ≤ 0.01, *** p ≤ 0.001 
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Figure 3-6 CLP increases parasite clumping and the CLP-mut reversed the enhanced 

clumping. (A) The clumping ability of the parasites was assessed by quantifying an aggregate of 

10 or more parasites. The parasites were incubated in the absence or presence of the host and in 

the absence or presence of 1 mM CaCl2. Images shown are with 100X magnification and each 

white dot is a single parasite. Yellow arrows denote clumps with 10 or more parasites. (B) 

Quantification of clumping behavior observed in (A). The fold changes shown are relative to the 

EV - Ca + host condition.  

The results represent 3 independent experiments, each performed in triplicate. Error bars indicate 

± standard deviations. *** = p ≤ 0.001 
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Figure 3-7 Death of Ects induced by T. vaginalis is increased by the wild-type CLP 

overexpression by 3.3-fold relative to the EV parasites and the CLP-mut parasites reduces 

the cytotoxicity level to 1.4-fold of the EV parasites. Data shown are means of triplicates ± 

standard deviations and one representative set of 3 independent experiments. *** = p ≤ 0.001 
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Supplemental Figure 3-1 To determine the topology of overexpressed CLP, indirect 

immunofluorescent assay in the presence or absence of a permeabilizing agent on C-

terminally HA-tagged CLP was performed. (A) Bright green signal from anti-HA staining on 

permeabilized parasites versus faint green in non-permeabilized parasites (C) suggests that C-

terminally tagged HA is on the intracellular side of the parasites. (B) and (D) are the brightfield 

images of (A) and (C), respectively. Green: HA. Blue: DAPI. These images are representative of 

~30 parasites viewed under each condition.  
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Supplemental Figure 3-2 Mutational analysis of the rest of predicted Ca2+-binding sites in 

CLP. Phyre2 and SuSPect analyses of the other 3 predicted Ca2+-binding sites (from Fig. 3-1C). 

See Fig. 3-4A for the Ca2+-binding sites which is the most sensitive to mutation. The height and 

color of the bars shown in the legend indicate the predicted functional impact of mutating the 

aspartate residue to the amino acids shown at the bottom of the histogram. Long and red bars in 

the histogram indicate that introduction of that particular amino acid would lead to the greatest 

phenotypic change while short blue bars have the smallest predicted phenotypic effect.  
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Abstract 

Most infections caused by Trichomonas vaginalis (Tv) are asymptomatic but chronic and 

symptomatic infections do exist. To understand how the parasite transitions from acute to long-

term infection, we characterized innate immune responses against T. vaginalis by setting up an in 

vitro co-culture system to detect cytokine responses elicited by T. vaginalis from human 

monocyte-derived dendritic cells and macrophages. By including T. vaginalis symbiont 

Mycoplasma hominis in the study, we found that majority of the cytokine responses are induced 

by Tv in the presence of M. hominis but not when M. hominis is absent. In addition, a laboratory 

adapted Tv strain triggers significantly stronger inflammatory responses than a clinical Tv strain, 

indicating strain variations could contribute to various infection outcomes. We also examined 

innate immune responses to Tv homologue (TvMIF) of human cytokine macrophage migration 

inhibitory factor (HuMIF). TvMIF does not induce significant amount of inflammatory cytokine 

responses from innate immune cells. This could be because the parasite has co-evolved with the 

host so the parasite homologue of the human cytokine preserves its anti-apoptotic effect on the 

parasite but does not trigger host immune response during infection. These results lay the 

groundwork for future studies on host immune responses to T. vaginalis infection.  

 

Introduction 

Immune responses induced by T. vaginalis in infected individuals are largely unknown 

but remain interesting given that majority of the infections are asymptomatic while chronic 

symptomatic cases also exist [1]. As a first step towards fighting the chronic Tv infection, it is 

critical to understand how human innate immune system such as monocytes, macrophages, and 

dendritic cells respond to the parasite. Human monocytes, derived from bone marrow, are known 
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to circulate and survey bloodstream [2]. When monocytes pass through capillary walls and enter 

tissues, they differentiate into macrophages which are 5-10 times larger in size and more 

phagocytic than monocytes [2]. The main defensive roles of macrophages involve phagocytosis, 

presenting foreign antigens, and initiating inflammatory responses by releasing small signaling 

molecules called cytokines [2]. Dendritic cells (DCs) develop from bone marrow-derived 

hematopoietic stem cells but the precise origin of dendritic cells is not well understood [3]. In 

vitro, DCs can be differentiated from bone marrow derived-monocytes by receiving granulocyte-

macrophage colony stimulating factor (GM-CSF) and cytokine IL-4 [4]. DCs in tissues are 

activated by receiving signals such as cytokines from macrophages during an infection [5]. It is 

also known that during herpes simplex viral infection in mice, bone-marrow-derived precursors 

differentiate into vaginal epithelial DCs and become activated [6]. Understanding the type of 

responses DCs and macrophages mount against Tv will provide insights into how our innate 

immune system communicates with adaptive immune responses to result in diverse infection 

outcomes. 

Cytokine responses induced by T. vaginalis and its symbionts or products have been 

examined sporadically. Lipoglycan on T. vaginalis surface [7], T. vaginalis infected with its 

endosymbiotic viruses (TVVs) [8], exosomes secreted by the parasite [9], live T. vaginalis, and 

its secretory proteins and lysates [10][11][12][13] induce cytokine production from epithelial 

host cells or host immune cells. Mycoplasma hominis is a natural T. vaginalis symbiont and the 

co-infection exists at a range from 5% to 90% of clinical cases depending on the regions of the 

isolation [14]. However, only recently, our laboratory systemically tested cytokine responses 

comparing both clinical and laboratory adapted T. vaginalis strains and both M. hominis-free and 

M. hominis-positive isogenic strains on primary human monocytes [15] and found that most of 
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the cytokine responses are triggered by T. vaginalis symbiont M. hominis instead of the parasite 

itself except for IL-8 [15], contradictory to the highly immunogenic properties of T. vaginalis 

found in previous reports [11][12][13]. As a result, it is worthwhile to revisit the cytokine 

responses induced by T. vaginalis in the presence and absence of M. hominis from other immune 

cells such as macrophages and dendritic cells. 

Trichomonas vaginalis macrophage migration inhibitory factor (TvMIF) is homologue of 

human pleiotropic cytokine HuMIF [10]. Plenty of pro-inflammatory cytokine properties of 

mammalian MIFs were characterized in mouse models during infections [16][17][18]. For 

example, in MIF-depleted mice, pro-inflammatory cytokines from macrophages were reduced in 

response to Mycobacterium tuberculosis infection, or exposure to lipopolysaccharide (LPS) and 

gram-negative bacteria compared to the wild-type (WT) mice [16][17]. Like HuMIF, parasite 

MIF homologues modulate human immune responses. Entamoeba histolytica MIF [19], 

Toxoplasma gondii MIF [20], and Plasmodium yoelii MIF [21] and TvMIF [10] can induce pro-

inflammatory cytokine production from host. On the other hand, helminth parasite Brugia malayi 

MIF promotes Th2 response that alleviates inflammatory response [22]. To gain a thorough 

understanding of immunomodulatory roles of TvMIF, we examined cytokine responses from 

human macrophages and dendritic cells that were previously unstudied.  

We used human bone marrow-derived primary cells as our model because human is the 

natural host of T. vaginalis. Furthermore, current T. vaginalis mouse model requires 

immunosuppressive treatment that is not suitable for studying immune responses from the host 

[23]. Macrophages and dendritic cells are differentiated from primary human monocytes with a 

method that is standardly employed in the immunology field [4][24]. In this chapter, we will 
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present cytokine responses from human macrophages and dendritic cells to T. vaginalis and a 

secreted cytokine homologue TvMIF. 

 

Results 

Differentiation of macrophages and dendritic cells 

By treating isolated primary human monocytes with granulocyte-macrophage colony 

stimulating factor (GM-CSF) only or GM-CSF + IL-4 for 4 days, we obtained monocyte-derived 

macrophages (MDM) or monocyte-derived dendritic cells (MDDC), respectively. We verified 

the differentiation by examining the surface markers such as CD11c and CD14 [25][26][27] and 

the cell sizes. MDM has higher CD11c and CD14 expression than monocytes on day 0 and it has 

a significant size increase shown by a shift of forward side scatter (FSC) to the right on a flow 

cytometry histogram (Fig. 5-1A). For MDDC, CD14 expression is reduced and the size increased 

(higher FSC) after the differentiation (Fig. 5-1B). After confirming that the differentiation was 

successful, we then co-cultured T. vaginalis with MDM or MDDC overnight and collected the 

supernatant for cytokine detection. 

Examination of cytokine production by live T. vaginalis in the presence or absence of M. 

hominis 

We tested a laboratory adapted Tv strain G3 and a clinical isolate MSA1103, and M. 

hominis-negative and M. hominis-positive for both of these strains. Consistent with our previous 

examination using primary monocytes in our laboratory [15], most of the cytokine production 

from both MDM and MDDC are present in M. hominis-positive strain but not very much in M. 

hominis-negative strain (Fig. 5-2 & 5-3). In addition, we found that in M. hominis-positive 

strains, laboratory adapted G3 induced much more cytokine productions than clinical isolate 
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MSA1103 for almost all the inflammatory cytokines tested including IL-1β, IL-6, IL-8 and TNF-

α from both MDDC and MDM (Fig. 5-2 & 5-3). IL-12 was only stimulated in MDDC but not 

MDM (Fig. 5-2E & 5-3E). The differences between G3- and MSA1103-stimulated cytokines 

were more dramatic in MDDC than MDM. To test if G3 contains more M. hominis than 

MSA1103, we performed qRT-PCR to measure M. hominis levels by using M. hominis-specific 

primers and normalized it to Tv housekeeping gene, β-tubulin. The amounts of M. hominis were 

similar in G3 and MSA1103 (Fig. 5-3G) so this suggests that G3 is more immunogenic than 

MSA1103 but only when M. hominis is also present.  

Interestingly, anti-inflammatory cytokine IL-10 is also induced in M. hominis-positive 

strains and is significantly more in G3 than MSA1103 when produced by MDM (Fig. 5-3D). The 

result could suggest that T. vaginalis and M. hominis co-infection presents a mixture of antigens 

that stimulate both inflammatory and anti-inflammatory responses from the host immune cells. 

Examination of cytokine production in the presence of TvMIF 

After we confirmed the differentiation of MDM and MDDC as described in Fig. 5-1, we 

added 100 ng/ml, 1 µg/ml, 10 µg/ml of recombinant TvMIF (rTvMIF) or recombinant HuMIF 

(rHuMIF) or PBS to MDM or MDDC and the culture was incubated for 16h at 37ºC. We found 

that none of the rTvMIF or rHuMIF concentration tested induced significant pro-inflammatory 

cytokine production (IL-1β, IL-6, IL-8 and TNF-α) from MDDC (Fig. 5-4 & 5-5). 10 µg/ml of 

rHuMIF caused IL-6, IL-8 and TNF-α production from MDM but none of the rTvMIF induced 

the pro-inflammatory cytokines from MDM (Fig. 5-5).  

 

Discussion 
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We examined a panel of cytokine responses induced by live T. vaginalis and rTvMIF in 

MDM and MDDC. By including M. hominis-positive, M. hominis-negative, laboratory adapted 

and clinical Tv strains, we observed that Tv symbiont M. hominis plays a significant role in the 

cytokine stimulation, consistent with our previous study that T. vaginalis-induced cytokines from 

human monocytes are greatly dependent on the presence of M. hominis [15]. In addition, all the 

cytokines tested in the M. hominis-positive samples were more abundant in the laboratory 

adapted strain than the clinical strain, suggesting that the immunogenic property of M. hominis is 

also dependent on Tv strains. The striking differences in the cytokine productions between strains 

and whether M. hominis is present could, at least partially, explain the diverse outcomes of T. 

vaginalis infection in humans.  

We showed that T. vaginalis stimulates immunosuppressive cytokine IL-10 from MDDC 

and MDM, consistent with Song et al. observation that T. vaginalis-derived secretory products 

up-regulates anti-inflammatory IL-10 from MDDC [11]. On the other hand, the pro-

inflammatory cytokines (TNF-α, IL-1β and IL-6) induced by M. hominis-positive T. vaginalis 

samples in MDM are consistent with previous observations with live Tv, Tv lysates and human 

plasma-opsinized live Tv [12].  Notably, we only saw abundant cytokines from MDDC and 

MDM using M. hominis-positive parasites whose presence was not examined in previous studies 

on cytokine stimulated by T. vaginalis or its products. These results emphasize the importance of 

taking M. hominis into account as majority of the pro-inflammatory responses produced by 

MDDC and MDM were only present in M. hominis-positive samples. In this study, we also 

observed strain-to-strain variations. As a result, it is critical to compare between different Tv 

strains in the presence or absence of M. hominis before drawing any conclusion whether a T. 
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vaginalis protein, secretory products, and Tv molecules have true immunogenic effects on the 

host. 

Induction of either pro-inflammatory or immunosuppressive cytokines by Tv from 

immune cells have been reported in independent studies [1]. However, this is the first time that 

we found the presence both anti-inflammatory and immunosuppressive responses induced by Tv 

by the same cell types. The same observation was made in sepsis during pathogen infection and 

it was reasoned that the increase in pro-inflammatory cytokines is to fight off the infection and 

the immunosuppressive cytokines are made to prevent organ failure from excessive 

inflammation [28]. Moreover, it was also found that Mycoplasma-infected human tumor 

exosomes stimulated both pro-inflammatory IFN-γ and immunosuppressive IL-10 from B cells 

but these cytokines were absent in Mycoplasma-negative exosomes [29]. This further highlights 

that the immunogenic properties of Tv described previously may attribute to the presence of M. 

hominis. 

Contrary to seen in human monocytes [15] and MDM, IL-12 that induces Th1 responses 

was elicited in MDDC by live Tv (Fig 5-2E & 5-3E). The different immune cell types used may 

contribute to the observed differences. Future analyses are required to determine whether our 

laboratory adapted strain that induces significantly more pro-inflammatory cytokines from both 

MDM and MDDC are more susceptible to attack by immune cells.   

In this study, rHuMIF induced IL-6, IL-8 and TNF-α responses produced by MDM as 

HuMIF plays a pro-inflammatory role in human cells although only at high concentration (10 

µg/ml). However, almost no cytokine tested was induced by rTvMIF or lower concentrations of 

rHuMIF. We suspect that this is because of the production method of the recombinant proteins 

we used. Both rTvMIF and rHuMIF have C-terminal His tags that can inhibit the oligomerization 
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of MIF proteins [30]. The trimeric MIF proteins are primarily responsible for binding to MIF 

receptor and induce the cytokine responses [31]. As a result, our rMIF with C-terminal His tags 

may not be able to induce the cytokine production. Another explanation for the difference is that 

most of the pro-inflammatory roles of mammalian MIFs were studied in MIF knockout mice 

during pathogenic infections [16][17][18][32]. Purified MIF proteins may not stimulate cytokine 

responses on isolated immune cells in the absence of an infection. We previously observed that 

rTvMIF was able to induce IL-8 signal from monocytes [10]. In several studies, macrophages 

and DC were found to produce less cytokines than their precursor monocytes when treated with 

the same agonists. Seow et al and Daigneault et al reported that macrophages produce less pro-

inflammatory cytokines than monocytes in response to LPS and TLR1/2 agonist Pam3CSK4, 

respectively [33][34]. MDDC produce less pro-inflammatory cytokine than monocytes in 

response to LPS, Staphylococcus epidermis and TLR2 ligand [35]. The less abundant cytokine 

production from MDDC and MDM may explain the absence of rTvMIF-induced cytokine 

release.  

TvMIF has been shown to bind HuMIF receptor CD74 [10] and both MIFs can inhibit the 

parasite death under nutrient starvation [36]. However, TvMIF may not be as immunogenic to 

the host as we hypothesized. This could be the parasite reaching a balance of mimicking host 

survival factor while avoiding the immune consequence of having a pro-inflammatory cytokine 

in the parasite. TvMIF may demonstrate an intricate example of co-evolution of host and 

parasite.  

 

Material and Methods  

Trichomonas vaginalis culture 
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T. vaginalis strains G3 and MSA1103 were cultured in complete Diamond’s media as 

previously described [37]. The cells were passaged for 2 weeks or less. M. hominis-negative T. 

vaginalis culture was treated with 50 µg/ml of chloramphenicol and 5 µg /ml of tetracycline 

daily for at least 3 days and M. hominis-positive Tv was cultured without the antibiotic treatment 

[15]. 

Acquisition of human monocyte-derived macrophages and monocyte-derived dendritic 

cells 

Primary human monocytes were isolated by adherence to plastic by UCLA Virology 

Core. Monocyte-derived macrophages (MDM) and monocyte-derived dendritic cells (MDDC) 

were differentiated in vitro as previously described [4][15]. Briefly, 20 ng/ml of GM-CSF 

(Biolegend) was added to induce MDM differentiation. 20 ng/ml of GM-CSF and 20 ng/ml of 

IL-4 were added to induce MDDC differentiation. Both MDM and MDDC were differentiated 

for 4 days in RPMI 1640 media supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific), 100 U/ml penicillin + 100 µg/ml streptomycin (Thermo Fisher Scientific), 

GlutaMAX (Thermo Fisher Scientific) and MEM non-essential amino acids (Thermo Fisher 

Scientific) before co-culture with Tv. Successful differentiation was determined by increase in 

sizes for both cell types, increase in CD11c and CD14 for MDM, and decrease in CD14 for 

MDDC. The differentiated cells were stained with 20 µg/ml CD11c-FITC (BioLegend) and 50 

µg/ml of CD14-PE (BioLegend) for 30 min at 4 ºC in the dark. The stained cells were read on 

BD LSR Fortessa and the data were analyzed by FlowJo 7.6. 

 

Co-culture of MDM or MDDC with Tv and cytokine production analysis 
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M. hominis-free and M. hominis-positive Tv were counted and resuspended in complete 

RPMI media to be incubated with MDM or MDDC at an multiplicity of infection (MOI) of 1 for 

16 hours. 100 ng/ml lipopolysaccharide (LPS) (Sigma) alone or 100 ng/ml LPS + 1000 U/ml 

interferon gamma (IFN-γ) (BioLegend) was used as positive controls to stimulate cytokine 

production. After the incubation, the cells were centrifuged and the supernatants were collected 

for cytokine detection. Cytometric Bead Array (Becton-Dickenson) was used to measure IL-1β, 

IL-6, IL-8, IL-10, IL-12 and TNF-α cytokines. The results were read on BD LSR Fortessa and 

the data were analyzed by FlowJo 7.6. 

rTvMIF induction of cytokine 

Recombinant TvMIF protein was made according to the method described in [10]. In 

brief, TvMIF or HuMIF in pET200 expression vector grown in Escherichia coli BL21 

StarTM(DE3) cells (Thermo Fisher Scientific) was purified using His FastFlow Columns (GE 

healthcare) against the C-terminal His tags on both proteins. Endotoxin was removed from both 

proteins using Detoxi-Gel Endotoxin Removing Columns (Thermo Fisher Scientific). The 

protein concentrations were determined by Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific). 

100 ng/ml, 1 µg/ml or 10 µg/ml of rTvMIF was added to MDM or MDDC to induce 

cytokine production. PBS and LPS (Sigma) were used as the negative and positive controls, 

respectively. The supernatants of MDM and MDDC were collected by spinning the cells and the 

cytokine detection was measured and analyzed by the same method described in Tv–induced 

cytokine analysis.  

Quantification of M. hominis in T. vaginalis by qRT-PCR  
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T. vaginalis along with M. hominis total RNA was extracted with TRIzol (Life Technologies) 

and treated with TURBO DNase (Invitrogen). cDNA and qRT-PCR were performed using 

SuperScript III (Thermo Fisher Scientific) and Platinum SYBR Green qPCR SuperMix-UDG 

kits (Thermo Fisher Scientific). The M. hominis-specific primers were described in [38] and their 

Cq values were normalized to T. vaginalis β-tubulin gene Cq values [39]. 
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Figure 5-1: MDM and MDDC differentiation were verified by the surface markers and 

their size changes. (A) After 4 days of differentiation, MDM gained CD11c and CD14 signals 

and had a size increase (FSC). (B) MDDC (day 4) had a lower CD14 and smaller size (FSC) 

compared to day 0.  
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Figure 5-2: Cytokines IL-1β, IL-6, IL-8, IL-10, IL-12 and TNF-α from MDDC are induced 

by M. hominis-positive live T. vaginalis and significantly more in the laboratory adapted 

strain G3 than the clinical strain MSA1103. (A-F) Unstimulated is PBS-treated. LPS or LPS + 

IFN-γ are the positive controls. Live G3 or MSA1103 parasites were co-cultured with MDDC at 

multiplicity of infection = 1 for 16 hours. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 
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Figure 5-3: Cytokines IL-1β, IL-6, IL-8, IL-10, IL-12 and TNF-α from MDM are induced 

by M. hominis-positive live T. vaginalis and significantly more in the laboratory adapted 

strain G3 than the clinical strain MSA1103. (A-F) Unstimulated is PBS-treated. LPS or LPS + 

IFN-γ are the positive controls. Live G3 or MSA1103 parasites were co-cultured with MDM at 

multiplicity of infection = 1 for 16 hours. (G) Comparison of M. hominis (Mh) quantity in each 

strain was quantified by qRT-PCR. The Mh rRNA-encoding gene was normalized to T. vaginalis 

housekeeping gene β-tubulin. The Mh levels are expressed as fold change (G3 = 1). ns = not 

significant * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 
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Figure 5-4: TvMIF does not induce significant amounts of pro-inflammatory cytokine 

responses from MDDC. (A-D) 100 ng/ml, 1 μg/ml, 10 μg/ml of rHuMIF or rTvMIF were added 

to the MDDC culture and the culture was then incubated for 16 hours. PBS-treated was the 

negative control and LPS-treated was the positive control.  
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Figure 5-5: HuMIF but not TvMIF induces significant amounts of pro-inflammatory 

cytokine responses from MDM. (A-D) 100 ng/ml, 1 μg/ml, 10 μg/ml of rHuMIF or rTvMIF 

were added to MDM culture and the culture was then incubated for 16 hours. PBS-treated was 

the negative control and LPS-treated was the positive control. * = p ≤ 0.05, ** = p ≤ 0.01 
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Summary  

Trichomonas vaginalis is a human-infective protozoan that is highly prevalent yet 

commonly neglected [1]. With the development of molecular tools [2] and efforts from 

researchers in the field, understanding how the parasite establishes and maintains the infection 

has become possible. The goals of this dissertation are identification of survival factor of the 

parasite (Chapter 2), characterization of a Tv cadherin-like protein involved in host cell binding 

and killing (Chapter 3), efforts in adapting CRISPR-Cas9 to edit T. vaginalis genome (Chapter 

4), and examination of immune responses to Tv and TvMIF from human macrophages and 

dendritic cells (Chapter 5). These studies reveal that the parasite depends on multiple factors to 

establish infection and the development of novel techniques is necessary to better understand the 

mechanisms underlying infection.   

Insight into Tv survival factor and pathways 

TvMIF is the first identified survival factor in T. vaginalis to our knowledge. The 

overexpression of TvMIF enhances the parasite survival more than 10-fold and knockout of the 

protein decreases their survival up to 16-fold under nutrient-poor conditions (Chapter 2). We 

show that TvMIF inhibits the apoptosis of the parasite by lowering reactive oxygen species in the 

parasite to enhance their survival (Chapter 2). Both TvMIF and huMIF are able to increase the 

parasite survival, suggesting the cross-talk between the parasite and its host (Chapter 2).  

Identification of specific players involved in the survival pathway in T. vaginalis is 

laborious. Very few proteins that play a role in apoptosis in other eukaryotic systems are known 

in protozoan parasites. Metacaspases in yeast are believed to have the same function as 

mammalian caspases which are involved in apoptosis [3]. However, the specific roles of 

metacaspases in parasites are not entirely clear [4]. Other players in mammalian apoptotic 
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pathways such as pro-apoptotic factors/anti-apoptotic factors cannot be easily identified in the T. 

vaginalis genome based on primary sequence. As a result, to identify T. vaginalis survival 

pathways, transcriptomic and proteomic approaches that examine global differential expression 

are required. The lack of survival in TvMIF knockout (KO) cells suggests that comparison of 

wild-type (WT) cells and KO cells gene expression during serum starvation will provide 

information on unidentified factors involved in the survival pathway. In addition, T. vaginalis 

has conserved mitogen-activated protein kinases (MAPKs) and Akt that are known to be 

activated by phosphorylation downstream of huMIF activation. Phosphoproteome on WT versus 

TvMIF KO parasites under serum starvation may aid the process of identifying survival players.  

HuMIF receptor CD74 is the key to huMIF downstream signaling including activating 

MAPK/Erk and Akt/PI3k pathways, and inhibiting apoptotic p53 [5][6][7]. We have made 

attempts to identify TvMIF receptor in Tv although unsuccessfully. Affinity chromatography 

using recombinant TvMIF and pulldown with tagged TvMIF expressed in T. vaginalis have not 

been able to reveal any promising candidates. For example, the adjusted p-values were not 

significant from 3 biological replicates or a candidate was not pulled down in independent 

experiments. Pulldown has always been challenging in T. vaginalis because commercially 

available tags used for pulldown lack specificity in the organism and the majority of the proteins 

in the genome are not annotated well. As a result, to identify a novel receptor in T. vaginalis, 

adaptation of new techniques is required. For example, proximity labeling which can label 

nearby proteins without strong interactions such as BioID used in Toxoplasma gondii [8][9] may 

assist in receptor identification. TurboID, an improved BioID that can label as quickly as 10 

minutes and has stronger activity on cell surface may significantly speed up identification of 

surface receptors in T. vaginalis [10]. Alternatively, use of tandem affinity purification such as 
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PTP (ProtC-TEV-ProtA) tags employed in Trypanosoma brucei is likely to enhance the 

specificity of the identified products [11][12].  

Characterization of a Tv cadherin-like protein in host adherence and killing 

Previous surface proteome has allowed us to identify several adherent factors in Tv that 

mediate host binding [13]. As more and more Tv adherence factors such as the parasite exosomes 

and lipoglycan have been discovered, it became clear that host binding by Tv is mediated by a 

multifactorial process [13][14][15]. Cadherin-like protein (CLP) described in Chapter 3 was 

identified in the surface proteome comparing less adherent versus adherent parasite strains [13]. 

In addition, CLP was also found in the Tv exosomal proteome [16], indicating that the adherent 

factor on the parasite surface may mediate host binding by being delivered to another parasite or 

host via exosomal fusion. Using our CRISPR-Cas9 system in Tv to knock out the CLP gene to 

further characterize its role in host adherence and its role in exosome-mediated host adherence is 

currently underway and will provide insight to these questions.  

A clumping phenotype was observed when CLP is overexpressed in the parasite. The 

behavior is reminiscent of T. vaginalis tetraspanin 8 (TvTSP8)-overexpressing parasites and 

highly adherent parasite strains [17]. The role of parasite aggregation in T. vaginalis infection is 

not entirely understood. Clumping increases the number of parasites in contact with the host and 

this behavior may enhance the chance of successful infection. In addition, when parasites 

aggregate, the outside parasites may be able to protect the parasites in the center from attack 

from host immune cells as a potential mechanism to increase parasite survival inside the host. 

These hypotheses are yet to be tested.  

The interaction between human E-cadherin protein and tetraspanin Co-029 determines 

cell motility of colon cancer cell [18]. Several T. vaginalis TSP proteins have been found to be 
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localized to the parasite surface and re-localize during host contact [17][19]. The clumping 

phenotype of both TvTSP8-overexpressing and CLP-overexpressing parasites indicate that these 

two surface proteins may complement each other in host binding. Whether TvTSP8 or other 

parasite proteins act as CLP partners requires further investigation.  

Optimization of CRISPR-Cas9 techniques in T. vaginalis 

Adaptation of CRISPR-Cas9 system in T. vaginalis has significantly improved the ability 

to knock out (KO) genes in the parasite [20]. However, the need to use homology-directed repair 

CRISPR-Cas9 pathway in the parasite requires the researchers to build knockout (KO) cassette 

[20] and amplify the KO cassette by PCR which is extremely time-consuming and expensive. 

KO genes in a population also requires extensive PCR screening to obtain a parasite clone that 

has the gene replacement at the right locus. In addition, it is unfeasible to KO genes with 

multiple copies since that would require various selectable markers for multiple gene 

replacement and multiple rounds of screening. As a result, CRISPRi knockdown system using 

catalytically inactive Cas9 guided by guide RNAs to block transcription initiation or 

transcription elongation [21][22] is considered to be useful in T. vaginalis. For example, 

CRISPRi does not require cloning of KO cassettes and PCR screening for the right clone. 

Furthermore, targeting genes with multiple copies with CRISPRi is more feasible than CRISPR-

Cas9 knockout as CRISPRi blocks the transcription of the same genes without the need to 

replace each of them with different drug selectable markers. For these reasons, repurposing 

CRISPR-Cas9 in T. vaginalis may provide a more efficient platform to control gene expression. 

More information is yet to be explored on immune responses to Tv  

From our data testing cytokine responses induced by live T. vaginalis in the presence or 

absence of Mycoplasma hominis, we found that M. hominis plays a significant role in inducing 
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cytokine releases from human macrophages and dendritic cells. In addition, the M. hominis-

induced cytokine responses are remarkably higher in a laboratory adapted strain G3 than a 

clinical strain MSA1103 we tested. To draw a meaningful conclusion on whether clinical strains 

are less immunogenic than lab-adaptive strains, a significantly larger number of Tv strains will 

need to be tested.  

An interesting follow-up question to our observation in Chapter 5 that a laboratory 

adapted strain G3 is significantly more immunogenic than a clinical strain MSA1103 is whether 

G3 is more susceptible to killing by host immune cells than MSA1103. For example, the 

induction of cytokines by G3 parasites may alert more immune cells to attack them than 

MSA1103 parasites. However, lacking a good animal model is likely to be an impediment to 

truly understanding host immune responses to Tv. As a result, our laboratory is now developing a 

male mouse model because female mice as Tv hosts have not been a successful model given that 

the infection often requires treatments of estrogens and/or immunosuppressants [23][24][25]. 

The existing data lack good quantification of the infection rates and evidence of long-term 

infection [23][24][25]. Treatment with immunosuppression resulted in disruption of host 

immune system that failed to reflect the immune responses during a natural infection. Once a 

mouse model is established, it will open doors to many hypotheses related to T. vaginalis 

infection such as how different each Tv strain is in terms of infectivity, how Tv regulates its gene 

expression during host contact, and how host immune cells respond to Tv infection in vivo. 

Efforts towards developing an animal model and other technologies for studying T. vaginalis are 

the keys to truly understanding how to prevent the infection.  
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