
Cooperative Interactions between Trichomonas vaginalis and
Associated Bacteria Enhance Paracellular Permeability of the
Cervicovaginal Epithelium by Dysregulating Tight Junctions

Annabel S. Hinderfeld,a Niha Phukan,a* Ann-Katrein Bär,a Anthony M. Roberton,a Augusto Simoes-Barbosaa

aSchool of Biological Science, University of Auckland, Auckland, New Zealand

ABSTRACT The human protozoan Trichomonas vaginalis is the causative agent of
trichomoniasis, a prevalent sexually transmitted infection, which is accompanied by
a species-diversified vaginal microbiota named community state type IV (CST-IV). Co-
incidently, CST-IV includes species associated with bacterial vaginosis (e.g. Gardner-
ella vaginalis, Atopobium vaginae, and Prevotella bivia). Both diseases are linked to
the transmission of human immunodeficiency virus (HIV) and preterm birth, which
complications are likely to result from the disruption of the cervicovaginal epithelial
barrier. Here, we show that paracellular permeability of fluorescein isothiocyanate
(FITC)-dextran through a monolayer of human ectocervical cells (hECs) is increased
as a consequence of the activity of T. vaginalis and the aforementioned species of
CST-IV bacteria cooperatively. T. vaginalis enhances paracellular permeability of hECs
two times more than the individual bacterial species, by up to �10% versus �5%,
respectively. However, any two or all three bacterial species are capable of synergiz-
ing this effect. T. vaginalis and the bacteria together increase the paracellular perme-
ability of hECs by �50%, which is 5 to 10 times more than the results seen with the
protozoan or bacteria alone. This effect is accompanied by enhancement of phos-
phatase activity, while phosphatase inhibition results in preservation of the integrity
of the ectocervical cell monolayer. In addition, these microorganisms induce changes
in the expression of tight junction proteins, particularly occludin, and of proinflam-
matory cytokines interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-�). Together,
our findings establish that cooperative interactions between CST-IV bacteria and T.
vaginalis enhance the paracellular permeability of the cervicovaginal epithelium by
disturbing the integrity of the tight junction complex. Our study results highlight
the importance of understanding the contribution of the vaginal microbiota to
trichomoniasis.
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Trichomonas vaginalis is an extracellular protozoan that specifically parasitizes the
human urogenital tract, causing trichomoniasis, the most common nonviral sexually

transmitted disease worldwide (1). The vagina of premenopausal women is colonized
by a specific microbiota that has been classified into five types (2). Four of these
community state types (CSTs) are dominated by one species of Lactobacillus, specifi-
cally, Lactobacillus gasseri, L. crispatus, L. jensenii, or L. iners. The fifth CST (named
CST-IV), however, is defined by the absence of lactobacilli and the overgrowth of
anaerobic bacteria such as Gardnerella vaginalis, Atopobium vaginae, Prevotella bivia,
and others (2). Although T. vaginalis infections have been associated with the CST-IV
microbiota, this correlational observation does not necessarily imply causation (3).
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Coincidently, though, the aforementioned CST-IV bacterial species are also causative
agents of bacterial vaginosis (BV) and this condition represents a risk for the acquisition
of trichomoniasis (4).

These infections cause similar vaginitis-related symptoms (e.g., itching and a frothy
malodorous discharge) and are associated with pathological complications such as
preterm birth (5–10) and high transmissibility of human immunodeficiency virus (HIV)
(11–14). CST-IV bacteria are known to induce physical, immunological, and biochemical
changes in the cervicovaginal mucosa. For example, bacterial species of CST-IV promote
a greater proinflammatory response in the vagina than lactobacillus-dominant com-
munities (9, 15–18). In addition, these bacteria (particularly G. vaginalis) affect the
integrity of cervicovaginal epithelial barrier (10, 17). Although these alterations are
likely to contribute to the pathological complications that are similarly associated with
both trichomoniasis and BV, such as poor pregnancy outcomes and HIV acquisition, it
is unclear if BV-associated bacteria and T. vaginalis act cooperatively in promoting
disease.

Microbial synergism has been described as representing cooperative activities re-
sulting from the interaction of two or more microorganisms that produce an enhanced
disease phenotype (19, 20). Microbiota may harbor indigenous pathobionts which
contribute to development of diseases by manipulating host responses (21–23). In the
gut, these pathobionts are known to enhance the virulence of specific pathogens (24,
25). In the vagina, the interplay of commensals, pathogens, and pathobionts with the
host is not well understood. A unique case of microbial synergism between T. vaginalis
and its bacterial endosymbiont Mycoplasma hominis was described previously (26). In
sensu stricto, microbial synergism has been redefined as a phenotype induced by the
combination of T. vaginalis and M. hominis that is greater than that represented by the
sum of the effects of the individual microorganisms (27). Here, we propose to investi-
gate the possible effects that cooperative interactions between T. vaginalis and CST-IV
bacteria might have on enhancing disease, particularly that affecting the integrity of
the human cervicovaginal mucosal barrier.

The mucosal epithelia act as a natural physical barrier against the invasion of
microorganisms. Selective regulation of the tightness of this intercellular space (i.e.,
paracellular permeability [PcP]) is necessary for the normal function of the mucosa in
terms of secretion, absorption, and immune homeostasis (28). This is achieved by
controlling the composition and function of the tight junctions (TJs) of the epithelial
layer. It is well known that pathogenic microorganisms and mucosal inflammation can
affect the integrity of the epithelial barrier by dysregulating TJs (29). With regard to the
cervicovaginal mucosa, a compromised epithelial barrier promotes cervical remodeling,
which is an initiating step toward preterm birth (30). A link between these events and
the composition of the vaginal microbiota has been claimed, and the CST-IV bacterium
G. vaginalis, in particular, has been associated with this process (10, 15, 17, 31).
Protective lactobacilli, on the other hand, are known to promote cervical health by
mitigating effects of proinflammatory molecules and counteracting G. vaginalis-
induced disruption of the cervicovaginal barrier (32).

As CST-IV bacteria and T. vaginalis often coexist in the vagina, this study aimed to
investigate effects of the interplay of these microorganisms on the regulation of
epithelial paracellular permeability (PcP) using a polymicrobial infection model of
human ectocervical cells (hECs). Here, we evaluated whether T. vaginalis and CST-IV
bacteria act cooperatively in host PcP and investigated possible mechanisms used by
these microorganisms to disturb the integrity of the epithelium. Our findings highlight
the importance of understanding the interactions of this vaginal pathogen with the
microbiota and their interplay with host responses.

RESULTS
T. vaginalis increases the paracellular permeability of a monolayer of human

ectocervical cells independently of cytotoxicity effects. Virulence traits of T. vagi-
nalis, such as cytoadherence and cytotoxicity, vary among strains and clinical isolates
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(33). To evaluate whether T. vaginalis can alter the paracellular permeability (PcP) of
hECs, the following three strains of T. vaginalis with increasing levels of host cytoad-
herence were selected for experimentation: G3, F1623, and B7RC2. These strains display
different levels of adhesion to host cells, with B7RC2 being approximately 6-fold more
adherent than G3, as measured by percentages of T. vaginalis attached to host cells (34,
35). Host cell cytolysis, on the other hand, is achieved only when T. vaginalis is
incubated at a high cell concentration (�1.5 � 106 parasites/ml) and after 8 h of
coincubation with hECs (33, 36). Both G3 and B7RC2 displayed very low levels of
cytotoxicity to hECs among 26 T. vaginalis strains examined (33).

To measure PcP, a method that quantifies the diffusion of the fluorescent tracer
fluorescein isothiocyanate (FITC)-dextran through a monolayer of hECs grown on
ThinCell inserts was employed. To rule out the possibility that cytotoxicity might
account for the alterations of PcP, cytolysis of hECs was measured by lactate dehydro-
genase (LDH) release under the experimental conditions of the PcP assay (Fig. 1). It was
found that all three strains were capable of increasing PcP of hECs in a time-dependent
manner (Fig. 1A). The levels of PcP were not different between G3 and B7RC2, which
were the strains with the lowest and highest levels of cytoadherence, reaching a
maximum of �30%. PcP was lower for F1623 than for the other two strains at all time
points. In addition, we found that the level of PcP was dependent on the concentration
of T. vaginalis G3 but that it was already saturated at 2.5 � 105 cells/ml (Fig. 1B). As
expected, T. vaginalis G3 did not produce detectable levels of released LDH from hECs
above the background under the conditions of the PcP assay (i.e., parasite concentra-
tion and incubation time) (Fig. 1C). A significant level of cytotoxicity was observed only
at the final time point of 8 h for the two highest parasite concentrations (P � 0.0001).
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FIG 1 T. vaginalis induces paracellular permeability of a monolayer of human ectocervical cells independently of cytotoxicity effects. (A) Paracellular
permeability was assayed for three strains of T. vaginalis (G3, B7RC2, and F1623) in a time course experiment. (B) Paracellular permeability was assayed for
T. vaginalis strain G3 at increasing concentrations (cells per milliliter, as indicated) and in a time course experiment. (C) Cytotoxicity was assayed for T. vaginalis
strain G3 at increasing concentrations (cells per milliliter, as indicated) and in a time course experiment. Statistical significance is represented by an asterisk
(*) for P values of �0.0001.
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Therefore, it was concluded that (i) relatively low numbers of T. vaginalis cells are
capable of increasing PcP of hECs in a time-dependent manner; (ii) PcP does not
correlate with the cytoadherence level of the strains; and (iii) alteration of PcP is
independent of the cytotoxicity effects. The genome strain G3 was then used in the
subsequent experiments.

CST-IV bacteria increase the paracellular permeability of a monolayer of hu-
man ectocervical cells. The same experimental approach as that described above was
employed to evaluate if CST-IV bacteria were capable of promoting the paracellular
(PcP) permeability of a hEC monolayer. The three bacterial species G. vaginalis, A.
vaginae, and P. bivia of the vaginal community type CST-IV (2) were chosen because
these are apparently associated to T. vaginalis infection (3) and are often the most
common species of this community type (2, 37). Concentrations of 104 to 106 bacte-
ria/ml were chosen on the basis of the relative levels of representation of these bacteria
in this consortium (2, 38). All three bacterial species were capable of increasing the level
of PcP in a time- and dose-dependent manner (Fig. 2). The dose-dependent response
was less pronounced for G. vaginalis than for A. vaginae or P. bivia, but, at the end of
6 h of incubation, similar (12% to 15%) levels of PcP were achieved for all three bacterial
species (Fig. 2A to C). Since these bacteria are found as a consortium in the vagina, the
phenotypic effects of two or all three bacterial species combined were examined next.
Cumulative effects on PcP were observed when bacteria were combined, without any
obvious differences between the combination of any two species and the combination
of all three bacterial species together (Fig. 2D). Comparing any individual bacterium to
any combination of two or all bacterial species together, this cumulative effect was
highly statistically significant (P � 0.0001), with saturation reached at 4 h of incubation
when PcP was increased from levels of �10% to 12% to levels of �50%.
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FIG 2 CST-IV bacteria induce paracellular permeability of a monolayer of human ectocervical cells. (A to C) Paracellular permeability was assayed for P. bivia,
A. vaginae, and G. vaginalis, respectively, at two specified concentrations (cells per milliliter, as indicated), in a time course experiment. (D) Paracellular
permeability was assayed for the specified combinations of P. bivia (1 � 104 cells/ml), G. vaginalis (1 � 105 cells/ml) and A. vaginae (1 � 105 cells/ml) in a time
course experiment.

Hinderfeld et al. Infection and Immunity

May 2019 Volume 87 Issue 5 e00141-19 iai.asm.org 4

https://iai.asm.org


Paracellular permeability of a monolayer of human ectocervical cells is in-
creased by CST-IV bacteria and T. vaginalis cooperatively. As described above, T.
vaginalis promotes paracellular permeability (PcP) of a host cell monolayer to a greater
extent (Fig. 1A and B) than the individual species of CST-IV bacteria (Fig. 2A to 2C) by
at least 2-fold. However, it was noticeable that combining the different bacteria had a
significant cumulative effect on this phenotype (Fig. 2D). The contribution of individual
CST-IV bacterial species and T. vaginalis to the PcP of hECs was therefore further
investigated to evaluate if cooperative interactions between bacteria or between
bacteria and protozoa might enhance this phenotype.

Accordingly, PcP assays were conducted for T. vaginalis, the individual bacterial
species, and a combination of two or all three bacterial species with and without the
parasite (Fig. 3). Since the cumulative effect of CST-IV bacteria was apparently saturated
at 4 to 6 h of incubation (Fig. 2D), analyses were conducted within the first 3 h. As
previously observed, T. vaginalis induced at least two times more PcP than the
individual bacterial species. However, any combination of bacteria (any two or all three
bacterial species) was able to alter PcP of hECs to a level higher than that seen with T.
vaginalis alone. This alteration was synergistic, as defined sensu stricto previously (27),
as shown by the fact that any two bacterial species (Fig. 3A to C) or all bacterial species
together (Fig. 3D) induced PcP at a level at least 3.5-fold greater than the sum of results
measured with the individual bacterial species (30% to 40% versus �10%, respectively).
In addition, the PcP induced by the parasite in the presence of one, two, or all three
bacterial species was apparently cumulative (Fig. 3).

A

C

0

10

20

30

40

50

60

70

80

60 120 1 80

Pa
ra

ce
llu

la
r p

er
m

ea
bi

lit
y 

(%
)

Time (min)

0

10

20

30

40

50

60

70

80

60 120 1 80

Pa
ra

ce
llu

la
r p

er
m

ea
bi

lit
y 

(%
)

0

10

20

30

40

50

60

70

80

60 120 1 80

Pa
ra

ce
llu

la
r p

er
m

ea
bi

lit
y 

(%
)

Time (min)

0

10

20

30

40

50

60

70

80

60 120 1 80

Pa
ra

ce
llu

la
r p

er
m

ea
bi

lit
y 

(%
)

T. vaginalis
G. vaginalis
P. bivia
G. vaginalis + P. bivia
G. vaginalis + P. bivia + T. vaginalis

T. vaginalis
P. bivia
A. vaginae
P. bivia + A. vaginae
P. bivia + A. vaginae + T. vaginalis

T. vaginalis
G. vaginalis
A. vaginae
G. vaginalis + A. vaginae
G. vaginalis + A. vaginae + T. vaginalis

T. vaginalis
G. vaginalis + P. bivia + A. vaginae
G. vaginalis + P. bivia + A. vaginae + T. vaginalis

1h                                         2h                                           3h

1h                                         2h                                    3h1h                                         2h                                           3h

1h                                         2h                                           3h

Time (h)Time (h)

Time (h) Time (h)

B

D

FIG 3 Paracellular permeability of a monolayer of human ectocervical cells is enhanced synergistically by the CST-IV bacteria G. vaginalis (1 � 105 cells/ml), P.
bivia (1 � 104 cells/ml), and A. vaginae (1 � 105 cells/ml) and protozoan T. vaginalis strain G3 (2.5 � 105 cells/ml). The time course experiments were performed
with each bacterium as follows: (A) G. vaginalis and/or P. bivia; (B) P. bivia and/or A. vaginae; (C) A. vaginae and/or G. vaginalis; (D) all three bacterial species
together. The combined bacterial species were assayed with and without T. vaginalis. The differences between the results obtained with the combinations of
any two or all three bacterial species and those obtained with each alone were statistically significant at all time points (P � 0.0001). The cumulative effects
of T. vaginalis in combination with any two or all three bacterial species were also statistically significant at the h 2 and h 3 time points (P � 0.0001).
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Paracellular permeability and phosphatase activity. Mucosal pathogens often
alter the barrier function of the host epithelium by inducing paracellular permeability
(PcP) via dysregulation of TJs. One of the key mechanisms for controlling the integrity
and function of TJs is dephosphorylation of their major protein components (29,
39–42). It is possible that phosphatases could be responsible for the increase in the
level of PcP associated with T. vaginalis and CST-IV bacteria that was observed as
described above. The level of phosphatase activity during colonization of hECs by these
microorganisms and the extent to which inhibiting phosphatase activity could prevent
or restore the epithelial barrier function were therefore examined next.

An assay method widely used for phosphatase activity is the colorimetric and
quantitative determination of para-nitrophenol following removal of inorganic phos-
phate from para-nitrophenyl phosphate (pNPP). This assay was used to detect en-
hanced phosphatase activity when hECs were incubated with T. vaginalis and/or CST-IV
bacteria. The concentrations of protozoal and bacterial cells used were the same as in
the previous PcP assays. A pronounced time-dependent enhancement of phosphatase
activity, detected as early as 15 min, was observed when hECs were incubated with the
microorganisms (Fig. 4A). T. vaginalis was a better inducer of phosphatase activity than
CST-IV bacteria, with a slight cumulative effect when protozoa and bacteria were
present together.

If phosphatase activity is implicated in the induction of PcP, then inhibiting phos-
phatase activity might alleviate the effects that these microorganisms have on PcP of
the hECs. To demonstrate that, the general phosphatase inhibitor sodium orthovana-
date (NaV) was used. It was found that the inhibitor was capable of reducing the
cooperative effects that CST-IV bacteria and T. vaginalis have on the PcP of the hEC
monolayer (Fig. 4B). This reduction in PcP was immediate and very significant at up to
40-fold compared to the control (P � 0.0001). However, even with the inhibitor, the hEC
monolayer was not completely tight when in the presence of the microorganisms. In
fact, tightness of the cell monolayer was increasingly lost from 20 to 120 min of
incubation. It may be that phosphatases are not being completely inhibited by the
NaV— other phosphase-independent effector mechanisms may play a role in PcP—
and/or that accumulation of phosphatases can overcome NaV inhibition over time.

Expression of tight junction proteins and proinflammatory cytokines. The findings
described above indicate that TJ proteins may be targeted by the enhanced levels of
phosphatases when hECs are colonized by T. vaginalis and/or CST-IV bacteria. In
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addition, disruption of the TJ barrier function may be caused by changes in expression
of TJ genes, at transcriptional and posttranscriptional levels, as well as by proinflam-
matory responses (29). Zonulin-1, claudin-3, and occludin are major structural compo-
nents of the TJ and are highly involved in its integrity (29). hECs are known to produce
proinflammatory molecules in response to T. vaginalis and CST-IV bacterial species (43).

First, the expression levels of zonulin-1, claudin-3, and occludin were compared
for hECs that were exposed or not exposed to T. vaginalis with and without CST-IV
bacteria (Fig. 5A and B). To reveal changes at the transcriptional and posttranscrip-
tional levels, these assessments were done by reverse transcription-quantitative
PCR (RT-qPCR) and Western blotting, respectively. The products of the housekeep-
ing GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene, mRNA and protein,
were used as a normalizer for the RT-qPCR and as a loading control for the Western
blotting, respectively. The zonulin-1 and occludin genes, but not the claudin-3
gene, were transcriptionally downregulated in the presence of the microorganisms
(Fig. 5A). Downregulation was statistically significant and more pronounced with
the combination of T. vaginalis and CST-IV bacteria than with T. vaginalis alone, by
2-fold to 3-fold (P � 0.0001). The Western blotting results showed that, while there
were no apparent alterations in the abundances of the zonulin-1 and occludin
proteins, occludin was barely detectable in the hECs when both the protozoa and
bacteria were present (Fig. 5B).

Second, the levels of expression of cytokines interleukin-6 (IL-6) and tumor necrosis
factor alpha (TNF-�) were evaluated by RT-qPCR. These cytokines regulate assembly of
TJs, and changes in their abundance are associated with mucosal inflammation and
infection (29). Statistically significant upregulation of both cytokines was detected
when the hECs were in the presence of the microorganisms, by up to 2-fold
(P � 0.0001) (Fig. 5C). However, no cumulative effect of T. vaginalis and CST-IV bacteria
on the transcription upregulation of these cytokines was evident (Fig. 5C).

DISCUSSION

The integrity of the human cervicovaginal epithelium is of importance because it
prevents pathogen invasion and toxin dissemination to the underlying tissue. De-
creased barrier function facilitates the passage of HIV (44) and promotes cervical
remodeling, which is an initiating step toward preterm birth (10, 17, 30). Trichomoniasis
and bacterial vaginosis are both associated with increased risk of HIV transmission,
premature rupture of membranes, and preterm birth (5–14). The T. vaginalis parasite is
accompanied by species of CST-IV bacteria that are coincidently found in bacterial
vaginosis (3, 4). Therefore, we were particularly interested in the cooperative effects
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were exposed to T. vaginalis alone or to T. vaginalis in combination with the CST-IV bacteria. The concentrations of T. vaginalis and the CST-IV bacteria (G.
vaginalis, A. vaginae, and P. bivia) were the same as those shown in Fig. 3. (A) Transcriptional regulation of zonulin-1, claudin-3, and occludin detected by
RT-qPCR. (B) Western blots showing relative protein abundances of zonulin-1, claudin-3, and occludin compared to GAPDH. (C) Transcriptional regulation of
IL-6 and TNF-� detected by RT-qPCR. Dashed connectors indicate the highest differences between samples with respect to effects on the expression of these
genes, indicating relative fold differences with P � 0.0001 (*).
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that these microorganisms could have on the induction of paracellular permeability
(PcP) of human ectocervical cells (hECs).

We have shown here that T. vaginalis alone at low cell concentrations, where
cytotoxicity is negligible, is capable of inducing PcP of hECs. T. vaginalis has been
shown to affect the integrity of monolayers of other epithelial cell types in a strain-
dependent manner (44, 45). However, in contrast to a previous report (45), our findings
do not support the idea of a correlation between levels of PcP and cytoadherence of
the T. vaginalis strains. We have shown that CST-IV bacteria are also capable of inducing
PcP, displaying synergism between any two of the three main species found to coexist
with T. vaginalis infections, namely, G. vaginalis, A. vaginae, and P. bivia. Together,
cooperative interactions between protozoan and bacteria result in significant cumula-
tive effects on PcP of the hEC monolayer. Under conditions of induction by these
microorganisms, PcP is accompanied by a marked enhancement of phosphatase
activity. Noticeably, the inhibition of phosphatase activity prevented PcP almost com-
pletely. Increased phosphatase activity at the mucosal interface is highly suggestive of
barrier dysfunction (29, 39–42).

Although the involvement of other mechanisms cannot be ruled out, our observa-
tions suggest that alteration of the phosphorylation status of the TJ proteins on the
cervicovaginal mucosa is potentially one of the major pathogenic mechanisms linked
to the disruption of this physical barrier in the vagina induced by these microorganisms
cooperatively. A parallel exists with Entamoeba histolytica. This gut protozoan can alter
PcP of the intestinal epithelial barrier by disturbing the TJs by degradation of and/or
changes in the phosphorylation status of its components (46, 47), possibly using
membrane-associated and secreted tyrosine phosphatases (48, 49). Various bacterial
gut pathogens can also alter TJs by using specific toxins or by interfering with the
expression of the TJ components and/or assembly of the complex (29).

Our study did not reveal the molecules involved in the physical disruption of the
hEC barrier by these vaginal microorganisms, but the data possibly indicate that
enhancement of phosphatase activity is among the major underlying mechanisms that
lead to TJ dysregulation of the host cervicovaginal epithelium. Disruption of this barrier
has been attributed to G. vaginalis (10, 17, 32), but the mechanisms are not yet
understood and no phosphatases have been claimed to be involved. On the other
hand, phosphatase activity has been found in various cellular compartments of T.
vaginalis, including on its surface and in secreted fractions (50); those findings have
been recently supported by proteomics data (51, 52). In fact, the T. vaginalis genome
has experienced a dramatic expansion of phosphatase gene families displaying the
largest repertoire among protozoans (53, 54). Therefore, phosphatases should play key
roles in various pathophysiological aspects of this parasite and might be implicated in
the modulation of the hEC PcP.

In addition to the phosphatase activity, we have shown that occludin is downregu-
lated in hECs when these microorganisms were present. Occludin, a major component
of the TJ complex, is phosphorylated at different sites and its cytolocalization responds
to the phosphorylation status of the protein (29, 39–42). The downregulation of
occludin expression and possibly of dephosphorylation due to enhanced levels of
phosphatase activity could lead to poor assembly of the TJ complex. The loss of the
regulatory function of occludin can explain the PcP alterations of the hEC monolayer as
induced by T. vaginalis and CST-IV bacteria. Moreover, these microorganisms induce
expression of the proinflammatory molecules IL-6 and TNF-�, which are known to
negatively affect the epithelial barrier function (29). Together, the changes that occur
following the polymicrobial infection of hECs by T. vaginalis and CST-IV bacteria are
aligned to other disease conditions of the mucosa, such as colitis and inflammatory
bowel diseases, which are also characterized by disruption of the epithelial barrier (29).

Historically, the interaction of T. vaginalis with the vaginal microbiota has received
little consideration from parasitologists, microbiologists, and clinicians alike. Our group
has previously shown that protective lactobacilli of the vagina can prevent cytoadhe-
sion of T. vaginalis (35) by displaying an aggregation-promoting factor on the bacterial
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surface (55). On the other hand, bacteria often associated with T. vaginalis infection
enhance proinflammatory responses to Trichomonas-specific antigens (43). This study
demonstrated the importance of understanding the interactions between the proto-
zoal pathogen T. vaginalis and the associated bacteria. Cooperative interactions be-
tween these microorganisms lead to disruption of the cervicovaginal epithelial barrier,
which is likely capable of amplifying the disease.

MATERIALS AND METHODS
Cell culture. Human ectocervical cells (hECs; ATCC CRL-2614) were cultured in serum-free keratin-

ocyte media (K-SFM; Life Technologies) at 37°C under a 5% CO2 atmosphere. Gardnerella vaginalis,
Prevotella bivia, and Atopobium vaginae (NZRM 810, NZRM 4359, and NZRM 4379, respectively) were
cultured in NYC III media at 37°C under microaerophilic conditions (i.e., using media filled to the top of
the tubes and with no agitation). Trichomonas vaginalis strains G3, F1623, and B7RC2 were cultured in
TYM medium (56) supplemented with 10% horse serum, 10 U/ml penicillin, and 10 �g/ml streptomycin
(Invitrogen) under microaerophilic conditions at 37°C. Antibiotics were washed off cultures, which were
maintained without antibiotics for at least 48 h before being used in the experiments. Microbial cells with
viability of �90% were counted from overnight liquid cultures, as described previously, and freshly used
in the experiments on the same day (35).

Paracellular permeability. hECs were grown on ThinCert inserts (Greiner Bio-One) (pore size, of
0.4 �m) in 24-well plates to a confluent monolayer. K-SFM was replaced by 250 and 500 �l of Hanks’
balanced salt solution (Sigma-Aldrich) in the top and bottom compartments, respectively. The top
compartment received 10 �g/ml of fluorescein isothiocyanate-dextran (FITC-dextran) (Sigma-Aldrich)
(70 kDa). T. vaginalis and/or the bacteria were inoculated into the top compartment at the concentrations
indicated for each experiment. The negative control contained the cell monolayer without the micro-
organisms. The positive control (100% FITC-dextran diffusion) did not contain a cell monolayer or
microorganisms. At the specified time points, 10 �l was removed from the lower chamber of the wells
and diluted into 90 �l water in a 96-well plate and the fluorescence was read at an excitation wavelength
of 492 nm and an emission wavelength of 518 nm using a plate reader (EnSpire; PerkinElmer). Fluores-
cence data were subtracted from the negative-control data and compared to values determined for the
100% control. The PcP assay was performed in the presence of 100 �M sodium orthovanadate
(Sigma-Aldrich) following the same procedure. Experiments were done as three independent replicates.

Cytotoxicity assay. hECs were grown on a 96-well plate to form a confluent monolayer. K-SFM was
replaced by 100 �l of T. vaginalis, which was resuspended in the same media and at the concentrations
specified for the experiments. As controls, hECs had media replaced without parasites. After replacement
of the media, the plates were incubated at 37°C under a 5% CO2 atmosphere for up to 8 h. The
cytotoxicity assay, based on release of lactate dehydrogenase (LDH), was performed following the
CytoTox-One homogeneous membrane integrity assay protocol (Promega). Briefly, after incubations,
plates were centrifuged at 3,000 � g for 2 min. A 50-�l volume of the supernatant was collected and
mixed with an equal volume of CytoTox-One substrate following incubation for 20 min. The supernatant
of the control (no parasites) served as the background of LDH release. The maximum LDH release control
was obtained from cells without parasites, lysed deliberately as recommended by the manufacturer
(Promega). The background value was subtracted from all values determined for the experimental wells,
and LDH release was quantified by analysis of fluorescence using an EnSpire plate reader, as recom-
mended. A percentage of cytotoxicity corresponding to the level of parasite-induced cytotoxicity
compared to the maximum LDH release was obtained. Assays were performed in triplicate.

Phosphatase activity. This assay was done with monolayers of hECs in 96-well plates. K-SFM was
replaced by 0.1 ml of phosphate-saline buffer containing T. vaginalis and/or bacteria (with the cell
concentrations indicated for the experiments) in the presence of 10 mM p-nitrophenyl phosphate (pNpp;
Sigma-Aldrich). Incubation proceeded at 37°C for up to 2 h. Reactions were stopped by the addition of
0.1 ml of 1 M NaOH. Absorbance was read at 405 nm, and values were subtracted from those determined
for the negative control, which consisted of hECs treated under the same conditions but without the
microorganisms.

RNA isolation, reverse transcription, and quantitative PCR (RT-qPCR). Coincubations of hECs and
microorganisms replicated the conditions described above for the paracellular permeability assays, and
RNA was obtained at 2 h postincubation. Total RNA was extracted using an RNeasy kit following the
instructions of the manufacturer (Qiagen). A 1-�g volume of total RNA was reverse transcribed into cDNA
with oligo(dT) primer (SuperScript III RT; Invitrogen). Real-time PCR was performed in triplicate with 20 ng
of cDNA, PowerUP SYBR green master mix (Thermo Fisher), and a 200 nM concentration of each forward
(F) primer and reverse (R) primer, targeting the following human genes: for the occludin gene, F primer
CACATCACAATAATGAGCATAGACAGG and R primer CACATCACAATAATGAGCATAGACAGG; for the
claudin-3 gene, F primer GGCGGTAGCAGGTGGAGTC and R primer CTTGGTAGGCATCGTAGTAGTTGG; for
the zonulin-1 gene, F primer CAAGATAGTTTGGCAGCAAGAGATG and R primer ATCAGGGACATTCAATA
GCGTAGCC; for the IL-6 gene, F primer TGATGGATGCTTCCAAACTG and R primer GAGCATTGGAAGTTG
GGATA; for the TNF-� gene, F primer ACTGAACTTCAAGGTGATTG and R primer GCTTGGTGGTTTGCTAC
GAC; and for the GAPDH gene, F primer GTATTGGGCGGCTGGTCACC and R primer CGCTCCTGGAAGAT
GGTGATGG. The threshold cycle (CT) method was applied for relative gene expression analysis,
comparing levels of gene expression from hECs in the presence versus absence of the microorganisms.
Expression data were normalized and analyzed using the SDS 2.3 and RQ Manager 1.2 applications
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(Applied Biosystems). Subsequent statistical analyses were then carried out using the Relative Expression
Software Tool (57).

Immunoblotting. Total cell lysates of hECs were prepared with a Triton X-100 lysis protocol, as
previously described (58). The protein concentration was determined by the Bradford assay (Bio-Rad). A
total of 20 �g of protein was separated on a 12% SDS-PAGE gel. After electrophoresis, proteins were
blotted to polyvinylidene difluoride (PVDF) membranes and incubated with blocking buffer (5% bovine
serum albumin [BSA]–Tris-buffered saline– 0.1% Tween 20) for 1 h at room temperature. This was
followed by incubation with a 1:1,000 dilution of the antibodies overnight at 4°C. Antibodies were used
against the following human proteins: GAPDH, zonulin-1, and claudin-3 (Life Technologies) and occludin
(Abcam). Membranes were washed three times with the buffer described above (without BSA) before
incubation with horseradish peroxidase-conjugated secondary antibodies (Life Technologies), diluted
1:5,000 in the blocking buffer, for 1 h at room temperature. After repeating washes, the immunoreactivity
signal was detected from the blots using ECL (Thermo Fisher) and an Amersham 600 imager.

Statistical analysis. Statistical significance was determined using data from experimental replicates,
applying one-way and two-way analysis of variance (ANOVA) and Turkey’s multiple-comparison test.
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