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Significance

Extracellular vesicles (EVs) serve as 
one mechanism by which cells 
communicate with one another to 
coordinate behaviors, exchange 
small molecules, and alter their 
environment. During infection, 
many parasitic organisms, like 
Trichomonas vaginalis, are known 
to manipulate their host through 
the shedding of EVs and their 
subsequent internalization by host 
cells. Here, we explored the 
question of how parasite uptake of 
parasite- derived EVs affects 
communication between T. 
vaginalis strains and show that 
parasites up- regulate and directly 
transfer proteins that aid in 
adherence to host cells via EVs. 
This study broadens our 
understanding of the role of 
parasite EVs in infection and 
provides valuable insights that may 
be exploited to design strategies to 
use EVs in treatment and 
vaccination against this parasite.
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MICROBIOLOGY

Trichomonas vaginalis extracellular vesicles up- regulate 
and directly transfer adherence factors promoting host cell 
colonization
Joshua A. Kochanowskya , Portia M. Miraa , Samira Elikaeea, Katherine Muratorea, Anand Kumar Raia, Angelica M. Riestraa,b, and Patricia J. Johnsona,1

Contributed by Patricia J. Johnson; received January 31, 2024; accepted May 16, 2024; reviewed by Robert Hirt and Upinder Singh

Trichomonas vaginalis, a common sexually transmitted parasite that colonizes the human 
urogenital tract, secretes extracellular vesicles (TvEVs) that are taken up by human 
cells and are speculated to be taken up by parasites as well. While the crosstalk between 
TvEVs and human cells has led to insight into host:parasite interactions, roles for TvEVs 
in infection have largely been one- sided, with little known about the effect of TvEV 
uptake by T. vaginalis. Approximately 11% of infections are found to be coinfections 
of multiple T. vaginalis strains. Clinical isolates often differ in their adherence to and 
cytolysis of host cells, underscoring the importance of understanding the effects of 
TvEV uptake within the parasite population. To address this question, our lab tested 
the ability of a less adherent strain of T. vaginalis, G3, to take up fluorescently labeled 
TvEVs derived from both itself (G3- EVs) and TvEVs from a more adherent strain of 
the parasite (B7RC2- EVs). Here, we showed that TvEVs generated from the more 
adherent strain are internalized more efficiently compared to the less adherent strain. 
Additionally, preincubation of G3 parasites with B7RC2- EVs increases parasite aggre-
gation and adherence to host cells. Transcriptomics revealed that TvEVs up- regulate 
expression of predicted parasite membrane proteins and identified an adherence factor, 
heteropolysaccharide binding protein (HPB2). Finally, using comparative proteomics 
and superresolution microscopy, we demonstrated direct transfer of an adherence factor, 
cadherin- like protein, from TvEVs to the recipient parasite’s surface. This work identifies 
TvEVs as a mediator of parasite:parasite communication that may impact pathogenesis 
during mixed infections.

extracellular vesicles | host:pathogen interactions | Trichomonas vaginalis | dSTORM

Communication between cells plays a vital role in how organisms respond to and manip-
ulate their environment. The secretion of extracellular vesicles (EVs), a heterogenous set 
of small membranous structures which are shed from the plasma membrane and contain 
proteins, nucleic acids, and other small molecules, are now acknowledged as one mech-
anism that cells use to communicate with each other (1). Additionally, there is now a 
growing appreciation for the role of EVs during parasitic infection (2). EVs have been 
demonstrated to play a role during infection in a diverse set of eukaryotic parasites ranging 
from the Apicomplexan parasites (Plasmodium falciparum, Cryptosporidium parvum, and 
Toxoplasma gondii) (3–11), Kinetoplastids (Leishmania donovani and Trypanosoma brucei) 
(12–15), Amoebozoa (16), Diplomonads (17), and parasitic worms (Dicrocoelium den-
driticum, Heligmosomoides polygyrus, Litomosoides sigmodontis, and Schistosoma japonicum) 
(18–25).

Trichomonas vaginalis is a sexually transmitted parasite and the causative agent of trich-
omoniasis, the most common nonviral sexually transmitted disease worldwide (26, 27). 
T. vaginalis causes an estimated ¼ billion infections annually and in the United States is 
the most common parasitic infection, with an annual incidence of about 5 million cases 
(26, 27). T. vaginalis infection, while commonly asymptomatic, can cause a number of 
clinical pathologies in women and men such as vaginitis, urethritis, prostatitis, preterm 
delivery, and infertility (28). There is also evidence that T. vaginalis is a cofactor for HIV 
spread and is associated with increased risk of urogenital cancers (29–37).

In the past decade, our lab and others have demonstrated that T. vaginalis secretes EVs 
(TvEVs) that can be internalized by human epithelial cells derived from both the prostate 
and female reproductive tract (FRT) via caveolin- dependent endocytic pathways and that 
these TvEVs modulate the ability of the parasite to adhere to host cells, an important step 
in establishing infection (38, 39). Studying the crosstalk between TvEVs and human 
epithelial cells has led to insight into host:parasite interactions. However, little is known 
about the effect of TvEV uptake within the parasite population.
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Recent work has shown that TvEVs isolated from more adher-
ent strains of the parasite increased the number of cytoneme- like 
membrane protrusions on parasites, and that these protrusions 
are associated with increased aggregation and adherence to host 
cells (40). This work also showed that cytoneme and filipodia 
formation can be induced by paracrine signaling between strains 
of T. vaginalis mediated by TvEVs. The ability of TvEVs to medi-
ate communication within a parasite population is important as 
approximately 11% of clinical isolates worldwide are found to be 
coinfections with multiple strains (41). It is also known that clin-
ical isolates of T. vaginalis differ greatly in their adherence to and 
cytolysis of human epithelial cells (42, 43). These observations 
underscore the importance of determining whether TvEVs are 
internalized by T. vaginalis within a mixed infection setting, and 
whether the potential exchange of virulence factors between par-
asites via TvEVs, impacts infection outcomes.

Here, we assessed the ability of T. vaginalis to internalize TvEVs 
from both a less adherent strain (G3) and a more adherent strain 
(B7RC2) and explored what effect this form of parasite:parasite 
communication has on host cell adherence, parasite aggregation, 
and parasite gene expression (43–45). We show that T. vaginalis 
is capable of taking up TvEVs and that TvEVs derived from a 
more adherent strain (B7RC2- EVs) are taken up more efficiently 
than TvEVs from a less adherent strain (G3- EVs). Additionally, 
using adherence and aggregation assays we determined that pre-
incubation with B7RC2- EVs increases both parasite adherence to 
host cells and parasite aggregation. Transcriptomic analysis of T. 
vaginalis treated with TvEVs revealed that TvEVs up- regulate the 
expression of predicted parasite membrane proteins and known 
adherence factors. Additionally, we showed that overexpression of 
two TvEV- up- regulated genes increased adherence of parasites to 
human cells, and identified an adherence factor, heteropolysac-
charide binding protein, HPB2. Using proteomics to compare the 
protein composition of TvEVs from more adherent and less adher-
ent parasites, we identified a parasite cadherin- like protein (CLP), 
that is more abundant in B7RC2- EVs. Finally, using direct stochas-
tic optical reconstruction microscopy (dSTORM), we showed that 

CLP can be directly transferred between parasites via TvEVs, lead-
ing to an increase in parasite adherence to host cells.

Results

Trichomonas- Derived EVs Are Internalized by T. vaginalis. We have 
previously shown that T. vaginalis secretes EVs that are internalized 
by human epithelial cells and that internalization of EVs increases 
parasite adherence to host cells in a strain- specific manner (38, 
39). Approximately 11% of T. vaginalis clinical isolates result 
from coinfections with multiple parasite strains where cell- to- 
cell communication between diverse strains of T. vaginalis may 
play a role in pathogenesis (41). Additionally, multiple labs have 
published indirect evidence suggesting that T. vaginalis is capable 
of EV uptake (38, 40). This led us to ask whether T. vaginalis 
could internalize its own EVs. To determine whether potential 
protein contamination from parasite growth media (Diamond’s) 
would affect our downstream analysis, we isolated TvEVs from 
either T. vaginalis parasites grown in serum- free Diamond’s media 
or isolated from equivalent volumes of Diamond’s media alone 
(mock). We found that Diamond’s media alone (mock) did not 
yield protein concentrations above our limit of detection in a 
Bicinchoninic acid assay (BCA) (SI Appendix, Fig. S1 A–C).

To determine whether T. vaginalis could internalize its own 
EVs, we extracted EVs from T. vaginalis strain G3 (G3- EVs), 
fluorescently labeled them with carboxyfluorescein succinimidyl 
ester (CFSE), and then incubated G3- EVs with G3 parasites. 
Internalization of G3- EVs (10 µg/mL) by G3 parasites was meas-
ured over 0 to 30 min using flow cytometry (Fig. 1A and 
SI Appendix, Fig. S2) (39). We found that internalization of 
G3- EVs was detectable as early as 10 min at 10 µg/mL (Fig. 1B). 
TvEV uptake also continues over time as indicated by the increase 
in mean fluorescent intensity (MFI) from 10 to 30 min (Fig. 1C). 
Additionally, uptake of mock prepared (Diamond’s media alone) 
only resulted in minimal CFSE+ parasites (>5%) (SI Appendix, 
Fig. S1 D and E). As an additional proof of principle, we per-
formed live cell imaging of T. vaginalis strain G3 incubated with 

Fig. 1.   Trichomonas- derived EVs are taken up by T. vaginalis. (A) Schematic of TvEV uptake assay. T. vaginalis strain G3 was exposed to 10 µg/mL of CFSE- labeled 
G3- EVs for 0, 10, 20, and 30 min and TvEV uptake was measured via flow cytometry. Created with BioRender.com. (B and C) Percent uptake and MFI of CFSE- 
positive parasites plotted over time. Percent uptake was measured by the percent of CFSE- positive parasites in the entire population and the amount of TvEV 
uptake was quantified by the increase in MFI plotted over time. Dots = mean ± SD. N = 3 replicates/experiment, three experiments total. (D) Individual images 
from 2- min intervals of time- lapse video showing uptake of ExoGlowTM labeled G3- EVs by T. vaginalis.

http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
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ExoGlowTM labeled G3- EVs (50 µg/mL). We imaged uptake every 
2 min over the course of 16 min. With this method, we observed 
TvEV uptake by the parasite as early as 2 min, which continued 
over the 16- min time course, as indicated by the accumulation of 
ExoGlowTM signal in the parasite (Fig. 1D and Movie S1). 
Together, these data directly show that T. vaginalis is capable of 
internalizing TvEVs.

EVs Derived from a More Adherent Strain of T. vaginalis Are 
Taken Up More Efficiently than EVs Derived from a Less Adherent 
Strain. We and others have demonstrated that T. vaginalis strains 
differ greatly in their adherence to and cytolysis of host cells 
(40, 42, 43). For example, strain B7RC2 is approximately 20- 
fold more adherent to benign prostatic hyperplasia (BPH- 1) 
cells compared to strain G3 (43). These phenotypic differences 
between strains caused us to wonder whether there might be 
differences in TvEV composition that could alter their uptake 
by T. vaginalis. In keeping with this line of thought, a number 
of TvEV proteomes from different strains have been published 
and reveal varying levels of overlap in TvEV protein content 
(38, 40, 46, 47). To test whether TvEVs isolated from different 
strains were taken up more efficiently than others, we compared 
the uptake of TvEVs produced by G3 parasites (G3- EVs) with 
that of TvEVs produced by B7RC2 parasites (B7RC2- EVs). We 
fluorescently labeled B7RC2- EVs or G3- EVs with CFSE and 
exposed a recipient strain of T. vaginalis (T. vaginalis strain G3) 
to various concentrations of TvEVs ranging from 0 to 10 µg/mL 
and measured TvEV internalization over time (0 to 30 min) using 
an automated imaging system, the Operetta® CLSTM platform 
and Harmony software (Fig.  2A) (48). We observed that G3- 
EVs were taken up less efficiently than B7RC2- EVs at multiple 
concentrations and time points (Fig. 2 B and C). Specifically, we 
observed a statistically significant decrease in the uptake of G3- 
EVs compared to B7RC2- EVs at 2.5 µg/mL and 5 µg/mL, over 
10 to 30 min as measured by both the percent of the parasite 
population that were positive for TvEV uptake (% Uptake) and 
the amount of TvEVs that had been internalized (MFI) (Fig. 2D 
and SI Appendix, Fig. S3 A and B).

Together, these results demonstrate that T. vaginalis is capable 
of taking up TvEVs isolated from multiple strains of the parasite, 
demonstrating a method of parasite:parasite communication 
between strains. Additionally, we observed that TvEVs from the 
more adherent parasite strain, B7RC2- EVs, are taken up more 
efficiently, in a time and concentration- dependent manner, com-
pared to those from a less adherent strain, G3- EVs, suggesting a 
role for strain diversity in the quality of TvEVs and their effect on 
parasite biology.

Uptake of EVs from a More Adherent Strain of T. vaginalis 
Increases Host Cell Adherence of a Less Adherent Parasite 
Strain. We have previously shown that preincubation of host cells 
with TvEVs from B7RC2 increases adherence of G3 parasites to 
host cells (38). Given the ability of T. vaginalis to directly take 
up TvEVs derived from different strains of the parasite (Fig. 2 
B and C), we decided to directly test whether preincubation of 
G3 parasites with B7RC2- EVs also increased parasite adherence 
to host cells. We also examined whether treatment with TvEVs 
from more adherent parasites (B7CR2- EVs) versus those from 
less adherent parasite (G3- EVs) would modulate differences in 
adherence.

To this end, we pretreated less adherent G3 parasites with either 
G3- EVs, B7RC2- EVs, or bovine serum albumin (BSA) as a neg-
ative control, and then quantified parasite adherence to the 
prostate- derived cell line BPH- 1 (49, 50). We found that compared 

to BSA control, there was no difference in parasite adherence to 
host cells when G3 parasites were pretreated with their own TvEVs 
(Fig. 3 A and B). However, when G3 parasites were pretreated with 
B7RC2- EVs there was a twofold increase in host cell adherence 
compared to BSA controls (Fig. 3 A and B). This shows that inter-
nalization of TvEVs by T. vaginalis can alter the adherence prop-
erties of parasites in a strain- dependent manner. It also suggests 
that the cargo of B7RC2- EVs and G3- EVs may differ, as pretreat-
ment of G3- EVs did not alter adherence of T. vaginalis strain G3.

Uptake of EVs Secreted by More Adherent T. vaginalis Strains 
Increases Parasite Aggregation. T. vaginalis is known to form 
aggregates on both ectocervical and prostate- derived cell lines (51). 
Furthermore, we and others have shown that parasite aggregation 
correlates with increased host cell adherence (51, 52). Given our 
observation that B7RC2- EVs, but not G3- EVs increase adherence 
of T. vaginalis to BPH- 1, we tested whether increased adherence 
might be partially attributed to parasite aggregation promoted 
by TvEV uptake. We fluorescently labeled T. vaginalis strain G3 
with CFSE and incubated the labeled parasites with either G3- 
EVs, B7RC2- EVs, or BSA as a negative control for 30 min and 
allowed them to form aggregates. We then quantified parasite 
aggregation using the Operetta® CLSTM platform (48) where an 
aggregate was defined as a cluster of parasites with an area greater 
than 250 µm2. We observed the formation of parasite aggregates 
as indicated by “clusters” of CFSE- positive parasites (Fig. 4A). We 
then quantified the number of parasite clusters and cluster area 
using Harmony software. We observed no difference in overall 
cluster size between BSA, G3- EV, and B7RC2- EV treated parasites 
(Fig. 4B); however, we did observe a statistically significant increase 
in parasite cluster number when G3 parasites were treated with 
B7RC2- EVs compared to pretreatment with either G3- EVs or 
the BSA control (Fig. 4C). These data show that more adherent 
TvEVs (B7RC2- EVs), but not TvEVs from less adherent parasites 
(G3- EVs), promote an increase in parasite aggregation.

Transcriptomic Analysis of T. vaginalis Strain G3 Treated with 
B7RC2- EVs Reveals Upregulation of Previously Characterized 
and Uncharacterized Adherence Factors. We next sought 
to identify what effect B7RC2- EVs had on T. vaginalis gene 
expression as a way of identifying potential mediators of the 
adherence and aggregation phenotypes observed. To achieve this 
goal, we either mock treated or treated T. vaginalis strain G3 with 
50 µg/mL of B7RC2- EVs for 6 h and then extracted total RNA 
for RNA- seq. Sample alignment and quality was assessed using 
MultiQC (SI Appendix, Fig. S4) (53). Transcriptional profiles of 
the 6 Mock (TVM) and 6 TvEV- treated (TVEV) samples were 
distinguishable by Principle Component Analysis (Fig. 5A), with 
1,086 genes [281 up- regulated and 805 down- regulated; Log2(FC) 
> 0.8 or Log2(FC) < −0.8; padj < 0.05] identified as differentially 
expressed between the two conditions (Fig. 5B and Dataset S1). 
The larger number of down- regulated genes suggests that B7RC2- 
EVs have an overall suppressive effect on G3 gene expression. 
Consistent with this finding, a large number (>20) of the most 
strongly down- regulated genes are predicted RNA polymerase 
II transcription regulator recruiting proteins (Dataset  S2). 
Additionally, we performed GO enrichment analysis (54, 55) for 
predicted molecular function, cell compartment, and biological 
process of the 805 down- regulated genes (Datasets S3–S5). The 
top 15 most significantly enriched GO pathways for predicted 
molecular function included multiple annotations for RNA 
polymerase II activity as well as transcription regulator activity 
and nucleotide binding (SI Appendix, Fig. S5 and Dataset S3). 
GO enrichment analysis of the 805 down- regulated DEGs for 

http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
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predicted biological process included multiple annotations for 
RNA metabolism and regulation of gene expression (SI Appendix, 
Fig. S5 and Dataset S4). GO enrichment analysis for predicted 
cell compartment identified the nucleus as enriched (SI Appendix, 
Fig. S5 and Dataset S5).

Interestingly, while B7RC2- EVs had an overall suppressive effect 
on parasite gene expression, four of the top most significantly 
up- regulated DEGs in response to B7RC2- EVs were genes previously 
identified as playing a role in either parasite adherence to human cells 
or TvEV uptake by human cells (SI Appendix, Table S1, Dataset S6, 

Fig. 2.   B7RC2- EVs are taken up more efficiently than G3- EVs. (A) Schematic of TvEV uptake assay. T. vaginalis strain G3 was exposed to CFSE- labeled B7RC2- 
EVs or G3- EVs ranging from 0 to 10 µg/mL for 0, 10, 20, and 30 min. Entire wells were imaged on the Operetta® CLSTM platform and analyzed using Harmony™ 
software. Created with BioRender.com. (B and C) Percent uptake and MFI of CFSE- positive parasites plotted over time. Percent uptake was measured by the 
percent of CFSE- positive parasites in the entire population and the amount of TvEV uptake was quantified by the increase in MFI plotted over time for either G3- 
EVs (B) or B7RC2- EVs (C). Dots = mean ± SD. N = 3 wells/experiment, three experiments total. (D) Quantification of % uptake and total MFI between G3- EVs and 
B7RC2- EVs at 5 µg/mL. Bars, mean ± SD. N = 3 wells/experiment, three experiments total. Numbers above bars indicate P- values for two- way ANOVA, Dunnett’s 
multiple comparisons test compared to G3- EVs.

http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
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and Fig. 5C) (39, 52). Three of these genes include predicted heter-
opolysaccharide binding proteins (HPB) [TVAGG3_0163930 
(HPB1), TVAGG3_0232100 (HPB2), and TVAGG3_0969590 
(HPB3)] previously annotated as 4- α- glucanotransferase (4- AGT) 
genes (TVAG_154680, TVAG_157940, and TVAG_222040) that 
our lab had identified as playing a role in TvEV internalization by 
human epithelial cells (39). These three genes (referred to by their 
current annotation HPB from here on) were also found in a number 
of previously published T. vaginalis EV and surface membrane pro-
teomes (38, 56–58). We also observed upregulation of a previously 
described parasite surface protein, cadherin- like protein (CLP; 
TVAGG3_0583720 previous annotation TVAG_393390) that was 
shown to mediate parasite aggregation, host cell adherence, and host 
cell cytolysis (52). Additionally, GO enrichment analysis of the 281 
up- regulated DEGs for predicted cellular compartment identified 
cell membrane proteins as enriched (Fig. 5D). Consistent with mem-
brane proteins being up- regulated by B7RC2- EVs, 16% of 
up- regulated DEGs are predicted to contain transmembrane domains 
(Fig. 5E). Interestingly, our prior data indicated that as little as 30 
min of exposure to B7RC2- EVs was sufficient to increase adherence 
of recipient parasites to host cells (Fig. 3), while our transcriptomic 
data suggest that gene expression changes at 6 h post exposure to 

B7RC2- EVs may play a role as well. To identify whether longer 
incubation (6 h) with B7RC2- EVs would further increase adherence 
over the initial 30- min data, we performed adherence assays with G3 
parasites incubated with B7RC2- EVs for 6 h. We observed a 3.5- fold 
increase in adherence when parasites were incubated with B7RC2- EVs 
for 6 h compared to BSA controls (Fig. 5F) which was higher than 
the previous adherence assays performed at 30 min (twofold increase 
over BSA controls) (Fig. 3B).

Taken together, these results indicate that gene expression 
changes due to B7RC2- EVs may alter the surface membrane com-
position of recipient parasites to facilitate parasite adhesion to host 
cells and parasite aggregation.

To directly test whether the up- regulated genes identified in 
our transcriptomic data were involved in mediating adherence to 
host cells, we overexpressed CLP (TVAGG3_0583720) and two 
of the three predicted HPB genes (TVAGG3_0232100 and 
TVAGG3_0969590), which will be referred to as HPB2 and 
HPB3 respectively. We ectopically expressed a second copy of each 
gene in T. vaginalis strain G3 using our standard T. vaginalis 
expression vector, pMasterNeo (pMNeo), where each gene is 
under the control of a T. vaginalis α- succinyl coenzyme A (CoA) 
synthetase promoter and fused to two C- terminal hemagglutinin 

Fig. 3.   Preincubation of T. vaginalis strain G3 with B7RC2- EVs increases adherence to host cells. (A) Representative fluorescence microscopy image of host cell 
adherence assay. T. vaginalis strain G3 was labeled with CFSE, then pretreated with BSA, G3- EVs, or B7RC2- EVs at 10 µg/mL for 30 min. Images depict CFSE- 
labeled T. vaginalis strain G3 (Green) and BPH- 1 nuclei stained with Hoechst (Blue). (Scale bar, 100 µm.) (B) Quantification of parasite adherence to BPH- 1. Data 
are depicted as fold change in adherence compared to BSA control. Bars, mean ± SD. N = 3 to 6 wells/experiment, four experiments total. Numbers above bars 
indicate P- values for one- way ANOVA, Dunnett’s multiple comparisons test compared to BSA control.
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(HA) tags (59). We confirmed expression of the tagged proteins 
via IFA (SI Appendix, Fig. S6A) and quantified expression levels 
of each construct via MFI (SI Appendix, Fig. S6 B and C). IFA 
analysis showed similar levels of expression between each con-
struct, while an empty vector control (G3::EV) showed little to 
no detectable levels of HA staining. Overexpression of CLP 
increased adherence of G3 parasites to BPH- 1 cells by ~2.8- fold 
on average compared to empty vector control, consistent with 
previous overexpression studies performed in T. vaginalis strain 
RU393 (ATCC 50142) (Fig. 5G) (52). Additionally, while over-
expression of HPB3 showed no statistically significant difference 
in adherence to BPH- 1 compared to empty vector control, over-
expression of HPB2 resulted in an ~11- fold increase in adherence 
compared to empty vector control (Fig. 5G). Taken together, these 
results indicate that B7RC2- EVs up- regulate the expression of 
genes involved in parasite adherence to host cells and identify 
HPB2 as a parasite adherence factor.

Comparative Proteomics Identifies CLP as a Mediator of Host 
Cell Adherence That Can Be Transferred between T. vaginalis 
Parasites via the Secretion and Uptake of EVs. Given that the 
increase in adherence to host cells and parasite aggregation was 
specific to B7RC2- EVs, but not G3- EVs, we reasoned that the 
cargo of TvEVs derived from more adherent and less adherent 
parasites must differ. Furthermore, while our transcriptomic data 
indicate that B7RC2- EVs mediates increased adherence to host 
cells and parasite aggregation by up- regulating membrane proteins 
including known (CLP) and uncharacterized (HPB2) adherence 
factors, we observe increased adherence within as little as 30 min 
after parasite uptake of B7RC2- EVs, suggesting that proteins 
present in the TvEVs themselves are potentially transferred to 
the membrane of the recipient strain to aid in adherence. To 
this end, we decided to couple our transcriptomic data with 

proteomics. To identify potential TvEV proteins driving these 
phenotypes, we used available proteomic data in the lab to profile 
and quantify differences in the protein content of TvEVs from 
a nonadherent strain of T. vaginalis (NYH209- EVs) (43, 60) 
and B7RC2- EVs. We identified a total of 303 proteins packaged 
within T. vaginalis–derived EVs. Of the 303 proteins identified, 
many were predicted homologues of known exosome proteins 
such as tetraspanins, small Rab GTPases, small Ras GTPases, and 
VSPs (Dataset S10) (1). We identified a total of 77 differentially 
abundant proteins [Log2(FC) > 1 or Log2(FC) < −1; padj  
< 0.05] with four proteins found more abundantly in the B7RC2- 
EVs compared to NYH209- EVs and 73 proteins found more 
abundantly in NYH209- EVs compared to B7RC2- EVs (Fig. 6A 
and Dataset S11). Interestingly, the most differentially abundant 
protein identified in the B7RC2- EVs compared to the NYH209- 
EVs was CLP, which was also up- regulated in our transcriptomic 
data (Fig. 6A and SI Appendix, Table S1).

Given that CLP was identified in both our transcriptomic and 
proteomic data, we decided to directly test whether CLP was 
packaged into TvEVs and was able to be transferred between 
strains. To confirm that CLP was packaged in TvEVs, as indicated 
by our TvEV proteomics, we overexpressed an N- terminally 
GFP- tagged version of CLP or a calcium- binding site mutant 
version of CLP (CLP- MUT) using our standard pMNeo vector 
(52, 59). We confirmed the presence of the CLP or CLP- MUT 
gene using PCR (SI Appendix, Fig. S7A) and then performed west-
ern blot analysis to show that the CLP and CLP- MUT proteins 
were expressed by the parasite and loaded into the TvEVs 
(SI Appendix, Fig. S7 B and C). To ensure that any differences we 
saw in downstream adherence assays were not due to alterations 
in TvEV uptake caused by the overexpression of CLP or 
CLP- MUT, we performed our standard TvEV uptake assay (39). 
There were no statistically significant differences in TvEV uptake 
between wild type (WT) EVs, CLP EVs, or CLP- MUT EVs 
(Fig. 6B). To determine whether CLP could be directly transferred 
from one parasite to the surface of another via TvEV uptake by a 
recipient strain, we performed dSTORM (61, 62) on G3 parasites 
treated with either TvEVs from wild type (G3) parasites or TvEVs 
from parasites overexpressing an N- terminally GFP- tagged version 
of CLP (SI Appendix, Fig. S7 and Fig. 6C) (52). Parasites treated 
with CLP EVs showed consistent surface staining for the 
GFP- tagged CLP via dSTORM (Fig. 6C) and had a higher total 
number of localization events compared to parasites treated with 
WT EVs (Fig. 6D) consistent with the transfer of CLP to the 
recipient parasite surface. Finally, we pretreated wild type G3 par-
asites with either WT EVs, CLP EVs, or CLP- MUT EVs, and 
then performed an adherence assay and quantified parasite adher-
ence to BPH- 1 cells. We found that compared to WT EVs, incu-
bation of wild type G3 parasites with CLP EVs increased host cell 
adherence by ~2.5- fold (Fig. 6E). However, disruption of CLP’s 
calcium- binding domain ablated this effect, consistent with pre-
vious reports (Fig. 6E) (52). Taken together, these data show that 
T. vaginalis delivers an adherence factor, CLP, to neighboring par-
asites via secreted TvEVs, resulting in increased parasite adhesion 
to host cells. These data establish a mechanism by which diverse 
strains of T. vaginalis can communicate with one another to alter 
parasite:host interactions.

Discussion

The data presented here show that TvEV uptake by T. vaginalis 
constitutes a form of parasite:parasite communication that may 
have implications for mixed infections. TvEV uptake mediates 
parasite adherence to host cells by both the upregulation of gene 

Fig.  4.   Preincubation of T. vaginalis strain G3 with B7RC2- EVs increases 
parasite aggregation. (A) Representative fluorescence microscopy image of 
parasite aggregation assay. T. vaginalis strain G3 was labeled with CFSE, then 
pretreated with BSA, G3- EVs, or B7RC2- EVs at 20 µg/mL for 30 min. Images 
depict CFSE- labeled T. vaginalis strain G3 (Green). (B) Quantification of parasite 
aggregate area. Bars, mean ± SD. N = 3 wells/experiment, three experiments 
total. (C) Quantification of parasite aggregate number. Bars, mean ± SD. N = 
3 wells/experiment, three experiments total. (B and C) Numbers above bars 
indicate P- values for one- way ANOVA, Dunnett’s multiple comparisons test 
compared to BSA control.
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Fig. 5.   B7RC2- EVs up- regulate expression of parasite proteins involved in host cell adherence. (A) Principal components analysis showing distinct clustering 
of mock treated parasites (TVM; n = 6) and B7RC2- EV treated parasites (TVEV; n = 6) from RNA- seq data generated in this study. (B) Heatmap of 1,086 genes 
[281 up- regulated and 805 down- regulated; Log2(FC) > 0.8 or Log2(FC) < −0.8; padj < 0.05] identified as differentially expressed between the mock and B7RC2- 
EV treated parasites. (C) Volcano plot depicting differences in gene expression between B7RC2- EVs and mock treated parasites. The x axis corresponds to the 
log2 fold change in gene expression and the y axis indicates the adjusted P value. Genes with a −log10 P value of 1.3 or greater (P value of ≤ 0.05) and a log2 fold 
change −0.8 ≤ or ≥ 0.8 were deemed significantly differentially expressed. (D) GO enrichment analysis 281 up- regulated DEGs for predicted cellular compartment 
enrichment. (E) Pie chart of percentage of 281 up- regulated DEGs with predicted transmembrane domain or signal peptides as annotated in TrichDB (www.
trichdb.org). (F) Quantification of parasite adherence to BPH- 1. Data are depicted as fold change in adherence compared to BSA control. Bars, mean ± SD.  
N = 6 wells/experiment, four experiments total. Numbers above bars indicate P- values for Welch’s t test compared to BSA control. (G) Quantification of parasite 
adherence to BPH- 1. Data are depicted as fold change in adherence compared to empty vector (G3::EV) control. Bars, mean ± SD. N = 6 wells/experiment, four 
experiments total. Numbers above bars indicate P- values for one- way ANOVA, Dunnett’s multiple comparisons test compared to G3::EV control.

http://www.trichdb.org
http://www.trichdb.org
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expression and the direct transfer of parasite adherence factors. 
We showed that TvEV uptake efficiency varies between strains 
and that TvEVs produced from more adherent strains are taken 
up more efficiently than those produced by less adherent strains. 
We also showed that T. vaginalis uptake of TvEVs from a more 
adherent strain of T. vaginalis increases parasite aggregation and 
parasite adherence. Transcriptomics revealed that TvEVs mediate 
increased gene expression of parasite membrane proteins and 
established T. vaginalis adherence factors. Additionally, TvEVs 
up- regulate the expression of three predicted heteropolysaccharide 
binding proteins, one of which (HPB2), we confirmed as an adher-
ence factor through overexpression studies. Finally, we also showed 
using dSTORM that at least one parasite adherence factor, CLP, 

can be transferred from one strain of T. vaginalis to the surface of 
another via TvEVs, resulting in increased adherence to host cells.

The observation that TvEVs can alter host cell adherence of recip-
ient parasites in a strain- specific manner correlating with adherence 
of the T. vaginalis strain from which the TvEVs were isolated has 
been shown by our group and others (38, 40). Additionally, there 
is strong evidence that parasite- shed EVs play a role in parasite: 
parasite communication in Plasmodium, Trypanosoma, Entamoeba, 
Giardia, and Leishmania spp. where they alter parasite development, 
mediate transfer of resistance factors, small RNAs, and affect social 
motility behaviors (3, 4, 12–17). Despite these observations, direct 
internalization of parasite derived EVs by T. vaginalis was assumed, 
but not directly shown. Here, we present direct evidence using a 

Fig. 6.   CLP can be transferred between T. vaginalis parasites via TvEVs resulting in increased parasite adherence to host cells. (A) Volcano plot depicting differences 
in protein abundance between B7RC2- EVs and NYH209- EVs. The x axis corresponds to the log2 fold change in protein abundance and the y axis indicates the 
adjusted P value. Proteins with a −log10 P value of 1.3 or greater (P value of ≤ 0.05) and a log2 fold change −1 ≤ or ≥ 1 were deemed differentially abundant. (B) 
Percent uptake of CFSE- labeled TvEVs from indicated strains by T. vaginalis strain G3. Percent uptake was measured by the percent of CFSE- positive parasites 
in the entire population. Bars, mean ± SD. N = 3 replicates/experiment, 3 to 4 experiments total. (C) Top, graphical depiction of CLP- EV transfer experiment and 
subsequent dSTORM imaging. Created with BioRender.com. Bottom, representative IFA for GFP- tagged CLP of parasites fed either WT- EVs or CLP- EVs using 
dSTORM. (Scale bar, 5 µm.) (D) Quantification of the number of localizations for WT- EV and CLP- EV treated parasites. Bars, mean ± SD. N = 5 parasites/experiment, 
15 parasites total were imaged and quantified. (E) Quantification of parasite adherence to BPH- 1. Data are depicted as fold change in adherence compared to G3 
control. Bars, mean ± SD. N = 6 wells/experiment, five experiments total. (B and E) Numbers above bars indicate P- values for one- way ANOVA, Dunnett’s multiple 
comparisons test compared to WT control. ns = not significant. (D) Numbers above bars indicate P- values for the Mann–Whitney test compared to WT control.

http://www.pnas.org/lookup/doi/10.1073/pnas.2401159121#supplementary-materials
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combination of flow cytometry, immunofluorescence microscopy, 
and live cell imaging that T. vaginalis is capable of TvEV internal-
ization. This establishes a mechanism of parasite:parasite commu-
nication, whereby molecular cargo (parasite proteins, small RNAs, 
and other molecules) can be transferred between T. vaginalis strains. 
Epidemiological data estimate that approximately 11% of T. vagi-
nalis clinical infections result from coinfections with multiple par-
asite strains (41) raising the question of how TvEV- mediated 
parasite:parasite interactions might alter infection outcomes. 
Recently, our group established a mouse male urogenital tract model 
of T. vaginalis infection and showed that preincubation of the par-
asite with TvEVs from B7RC2, a strain that is highly adherent to 
prostate epithelial cells in vitro, prior to mouse infection resulted 
in increased parasite burden and survival in vivo (43, 63). Together, 
the data from our mouse male urogenital tract model of infection 
and the data in this paper provide evidence that TvEVs play a role 
in altering infection outcomes in mixed infection settings.

Our experiments showing direct internalization of TvEVs by T. 
vaginalis also revealed that TvEVs derived from B7RC2, a more 
adherent strain of the parasite, were taken up more efficiently than 
ones derived from a less adherent strain, G3, indicating that TvEVs 
themselves differ qualitatively in a way that alters the kinetics of 
uptake. It is likely that this difference in uptake efficiency is driven 
by differences in either the membrane composition of the TvEVs 
themselves, surface proteins that decorate TvEVs, or other molec-
ular modifications such as differential glycosylation of membrane 
proteins or lipids. Additionally, our group has shown that human 
host cell uptake of TvEVs relies on caveolin lipid raft mediated 
endocytosis (CLRDE), but not clathrin- mediated endocytosis 
(CME) (39). Interestingly, T. vaginalis lacks any known homo-
logues to caveolins, as such CLRDE pathways likely do not exist 
in this parasite. CLDRE pathways themselves appear to have arisen 
relatively late in eukaryotic evolution and are specific to the meta-
zoans but are absent from the fungi, plants, and nonmetazoan 
parasites (64, 65). Future comparative studies between B7RC2- EVs 
and G3- EVs may prove useful in characterizing the molecular fea-
tures of TvEVs that drive increased uptake by T. vaginalis and may 
help define the mechanisms of TvEV uptake by the parasite by 
identifying the surface receptors and endocytic pathways involved.

It has recently been shown that Trichomonas vaginalis virus 
(TVV) is released from small EVs shed by the parasite and can 
alter the molecular cargo carried by TvEVs (47). Hence, we deter-
mined whether TVV is present in B7RC2, the parasite strain used 
for TvEV analyses here. Using RT- PCR to detect TVV1- 4 on 
RNA isolated from B7RC2, this parasite strain was found to be 
negative for all four of the previously identified TVV genomes 
(SI Appendix, Fig. S8). These data eliminate a possible role for 
TVV in the effects seen in this study. However, the observation 
that T. vaginalis is capable of transferring TvEVs between strains 
may indicate that one mechanism of TVV spread among parasites 
may be through internalization of TvEVs.

Previous work by us and others established that preincubation 
of T. vaginalis with TvEVs derived from highly adherent strains of 
the parasite resulted in increased adherence to vaginal and prostate 
epithelial cells and increased parasite aggregation (40, 43). However, 
the specific mechanisms underlying these adherence phenotypes 
were unclear. Using transcriptomics, we showed that TvEVs 
up- regulate the expression of predicted parasite membrane proteins 
and known parasite adherence factors. We also identified three pre-
dicted heteropolysaccharide binding proteins (HPB1- 3) as 
up- regulated by B7RC2- EVs and showed that overexpression of 
HPB2 increased adherence of G3 parasites to BPH- 1 cells. The 
exact mechanism that mediates HPB2’s ability to increase adherence 
remains unknown. However, the three HPB genes up- regulated by 

TvEVs [TVAGG3_0163930 (HPB1), TVAGG3_0232100 
(HPB2), and TVAGG3_0969590 (HPB3)] are i) 88% similar to 
each other by amino acid identity, ii) contain 2 N- terminal 
Carbohydrate- Binding Module 20 (CBM20) domains, and iii) are 
also predicted to contain a C- terminal glycosyl hydrolase domain 
often found in 4- α- glucanotransferases, which have been described 
as playing a role in glycogen and starch metabolism in bacteria, 
plants, and several unicellular eukaryotes (66). Additionally, previ-
ous research by our group has shown that pretreatment of human 
cells with recombinant CBM20, a 248- amino acid polypeptide that 
contains the CBM20 domains from HPB2, was capable of blocking 
uptake of TvEVs by 80% (39). It is possible that the CBM20 
domain of HPB2 is directly involved in interactions with the host 
cell surface. Alternatively, the C- terminal glycosyl hydrolase domain 
may play a role in modifying sugar moieties on the surface of the 
parasite which have also been shown to mediate host:parasite inter-
actions (67). Additionally, our transcriptomic data also revealed 
upregulation of other previously identified adherence factors such 
as BspA proteins (68) and potential pore forming and hemolytic 
factors that may aid in cytolysis and hemolysis (69).

Transfer of membrane- bound proteins from one cell to another 
has been observed in both prokaryotic and eukaryotic systems 
(70, 71). Our observation that B7RC2- EVs increased host cell 
adherence within as little as 30 min after parasite uptake suggested 
that direct transfer of TvEV proteins to the surface membrane of 
the recipient parasite was responsible for the increased adherence. 
Our proteomic data comparing TvEVs from a lowly adherent 
strain of T. vaginalis (NYH209) and a highly adherent strain 
(B7RC2) revealed a promising TvEV transferred candidate, 
cadherin- like protein (CLP), which was found to be significantly 
more abundant in TvEVs derived from the more adherent strain, 
B7RC2. CLP had been previously identified and characterized by 
our group as a parasite transmembrane protein that mediates par-
asite aggregation, host cell adherence, and host cell cytolysis (52). 
Our proteomics data suggested that CLP was also packaged in the 
TvEVs and thus capable of being transferred from one parasite 
cell to another. Using TvEVs isolated from parasites that expressed 
a tagged version of CLP, we confirmed that CLP was packaged 
into TvEVs, and using dSTORM, we demonstrated that CLP 
residing in TvEVs was transferred to the surface of recipient strains 
of T. vaginalis. Transmission of CLP via TvEVs to recipient par-
asites also resulted in increased adherence to host cells, establishing 
a mechanism by which one strain of T. vaginalis can redecorate 
the surface of another to aid in host:parasite interactions. The full 
extent to which TvEV proteins localize to the plasma membrane 
of recipient parasites and the mechanisms driving transfer to the 
recipient parasite’s surface remains to be explored.

Collectively the research reported here furthers our understand-
ing of Trichomonas:Trichomonas interactions by establishing 
TvEVs as a mechanism for parasite:parasite communication via 
alteration of parasite gene expression and the direct transfer of 
TvEV proteins to the T. vaginalis surface. This work likewise estab-
lishes a mechanism by which different strains of T. vaginalis may 
aid each other in the context of a mixed infection. A better under-
standing of how TvEV transfer between parasites affects infection 
will reveal additional physiological roles of these vesicles and pro-
vide valuable insight to guide the use of TvEVs in future thera-
peutic and vaccination strategies.

Materials and Methods

Parasite Maintenance. T. vaginalis strains B7RC2 and G3 were cultured in 
Diamond’s modified Trypticase- yeast extract- maltose (TYM) medium supple-
mented with 10% horse serum (Sigma- Aldrich), 10 U/mL penicillin, and 10 μg/mL  
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streptomycin (Gibco), 180 μM ferrous ammonium sulfate, and 2 μM sulfosalicylic 
acid (72). Parasites were grown at 37 °C and passaged daily for no more than 2 
wk at a time.

Human Cell Culture. Human benign prostate hyperplasia 1 (BPH- 1) epithelial 
cells were cultured at 37 °C with 5% CO2 in RPMI 1640, L- glutamine, and HEPES 
media (Gibco) supplemented with 10 U/mL penicillin, 10 μg/mL streptomycin, 
and 10% fetal bovine serum (FBS; Gibco) as previously described (50).

Generation of Transgenic Parasites. For exogenous expression of CLP, HPB2, 
and HPB3 in poorly adherent T. vaginalis G3 parasites, genes were PCR ampli-
fied from B7RC2 genomic DNA using primers with overhangs homologous to 
the pMasterNeo plasmid and assembled via In- fusion cloning using In- Fusion® 
Snap Assembly Starter Bundle (Takara; Cat. #638945). Detailed methods for 
nucleofection, selection, and verification of transgenic parasites are described 
in SI Appendix, Supplemental Methods.

EV Isolation. T. vaginalis was grown to confluency (1 × 106 cells/mL) in 50 mL of 
complete Diamond’s media. Parasites were spun down at 3,200 rpm for 10 min and 
washed with 50 mL serum- free Diamond’s media twice. Cells were transferred to 50 
mL serum- free Diamond’s media and incubated at 37 °C for 4 h. Cells were spun 
down at 3,000 rpm at 4 °C for 20 min to remove cell debris. The supernatant was 
kept and mixed 2:1 with Total Exosome Isolation Reagent (Invitrogen #4478359). 
The supernatant mixture was incubated overnight at 4 °C. Precipitated TvEVs were 
recovered by standard centrifugation at 10,000 × g for 60 min at 4 °C. The exosome 
pellet was resuspended in sterile 1x PBS plus 1:100 Halt Protease Inhibitor Cocktail 
(Thermo Scientific #78428) and stored at −80 °C. The concentration of TvEV protein 
was determined using the Pierce BCA Kit (Thermo Scientific #23225). To generate 
the mock control used in our transcriptomic analyses, we used 50 mL serum- free 
Diamond’s alone (no parasites) and isolated as described above.

EV Uptake Assay. EVs were labeled with CFSE (BioLegend) as previously 
described (39). Detailed methods for uptake of extracellular vehicles in parasites 
are described in SI Appendix, Supplemental Methods.

Live Cell Imaging of TvEV Uptake. G3- EVs were labeled with the ExoGlowTM- 
Membrane EV Labeling Kit [System Biosciences Innovation (SBI); Cat. # 
EXOGM600A- 1] per manufacturer protocol for 24 h prior to use in live cell 
imaging. T. vaginalis strain G3 (5*105 parasites) were incubated with 50 µg/mL 
of ExoGlowTM labeled G3- EVs and imaged on a Nanoimager (Onibio) at 100x 
magnification at 37 °C. 30 frames were captured every 2 min for 16 min total.

Adherence Assay. Adherence of T. vaginalis to BPH- 1 cells was performed as 
described previously (52) with modification for use in 96- well plates on the 
Operetta® CLSTM platform. Detailed methods for adherence assays are described 
in SI Appendix, Supplemental Methods.

Aggregation Assay. Aggregation assay was performed as previously described 
(52) with modifications for use in 96- well plates on the Operetta® CLSTM plat-
form. Detailed methods for aggregation assays are described in SI Appendix, 
Supplemental Methods.

Transcriptomic Analysis. T. vaginalis strain G3 (1 × 106 parasites per condi-
tion per replicate) was treated with 50 µg/mL of B7RC2- EVs or mock treated for 
6 h in serum- free Diamonds media at 37 °C prior to total RNA isolation. Total 
RNA was isolated using the Direct- zolTM RNA Miniprep Kit (Zymo Research; Cat. 
#R2071) according to the manufacturer’s instructions. Total RNA was sent to 
Novogene for RNA quality control (QC) analysis, library prep, and sequencing. 
RNA QC was analyzed, and quantification of RNA preparations and libraries was 
carried out using an Agilent 5400. Samples were sequenced on an Illumina 
NovoSeq  6000 to produce 150–base pair paired end reads with a mean 
sequencing depth of 20 million reads per sample. After read mapping with 
Kallisto (73), version 0.46.2, TxImport (74) was used to read Kallisto outputs 

into the R environment. Annotation data from TrichDB (https://trichdb.org/
common/downloads/release- 64/TvaginalisG32022/) was used to summarize 
data from transcript- level to gene- level. All subsequent analyses were carried 
out using the statistical computing environment R version 4.3.0 in RStudio 
version 1.1.456, and Bioconductor version 3.8. Briefly, transcript quantification 
data were summarized to genes using the tximport package and normalized 
using the trimmed mean of M values (TMM) method in edgeR (75). Genes with 
<1 CPM in n + 1 of the samples, where n is the size of the smallest group of 
replicates, were filtered out. Normalized filtered data were variance- stabilized 
using the voom function in limma (76), and differentially expressed genes were 
identified with linear modeling using limma (FDR ≤ 0.05; absolute logFC ≥ 
0.8) after correcting for multiple testing using the Benjamini–Hochberg proce-
dure. GO analysis was carried out on TrichDB (https://trichdb.org/trichdb/app/
search/transcript/GenesByGoTerm).

Proteomic Analysis. B7RC2- EVs and NYH209- EVs used for proteomic analysis 
were isolated and protein extracted as previously described (38). Raw data were 
processed using MaxQuant (77) and MSstats (78) on the Galaxy server (https://
usegalaxy.org/). Searches were performed using the T. vaginalis database from 
TrichDB (https://trichdb.org/trichdb/app/record/dataset/DS_47fb0ba7f2). Briefly, 
the MS/MS database search was performed using default settings, with a 20 ppm 
mass tolerance for the main search. Trypsin was selected as the protease, with up 
to two missed cleavages allowed. Results were filtered by a 0.05 false discovery 
rate at both protein and peptide levels. The minimum length of acceptable iden-
tified peptides was set at seven amino acids. Proteins with a −log10 P- adjusted 
value of 1.3 or greater (P- adjusted value of ≤ 0.05) and a log2 fold change  
−1 ≤ or ≥ 1 were deemed differentially abundant.

Data Collection for dSTORM. Prior to dSTORM data acquisition, a single frame 
snapshot of wide- field image was taken for each excitation wavelength for com-
parison purposes and a single frame snapshot of bright- field image was taken 
as well. A maximum of 5,000 frames were collected using an exposure time 
of 20 ms. A photoswitching buffer of 100 mM mercaptoethylamine in PBS was 
mounted on top of the samples during data acquisition. Detailed methods for 
immunofluorescent staining are described in SI Appendix, Supplemental Methods.

RT- PCR Screen of TVV 1- 4 in B7RC2 Parasites. Total RNA was isolated from 
2*106 parasites from T. vaginalis strains NYH209, LSU160, and B7RC2 using 
the Direct- zolTM RNA Miniprep Kit (Zymo Research; Cat. #R2071) according to 
the manufacturer’s instructions. RT- PCR screening on 200 ng of total RNA was 
carried out using SuperScript™ III One- Step RT- PCR System with Platinum™ 
Taq High Fidelity DNA Polymerase (Invitrogen; Cat. #12574035) with species- 
selective screening primers (SI Appendix, Table S2), designed from previously 
reported TVV sequences (79).

Statistical Analysis. Graphs were generated and statistical analyses were per-
formed using Prism 10.0.2 software. All experiments were performed at least 
three independent times, and statistical analyses were conducted on the com-
posite data unless reported otherwise. Unless otherwise specified, the data were 
analyzed using a one- way ANOVA with Dunnett’s multiple- comparison test to 
the control.

Data, Materials, and Software Availability. Raw sequence data are available 
on the Gene Expression Omnibus (GEO; accession # GSE253522) (80). All other 
data are included in the manuscript and/or supporting information.
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