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The human-infective parasite Trichomonas vaginalis causes the
most prevalent nonviral sexually transmitted infection worldwide.
Infections in men may result in colonization of the prostate and
are correlated with increased risk of aggressive prostate cancer.
We have found that T. vaginalis secretes a protein, T. vaginalis
macrophage migration inhibitory factor (TvMIF), that is 47% sim-
ilar to human macrophage migration inhibitory factor (HuMIF),
a proinflammatory cytokine. Because HuMIF is reported to be ele-
vated in prostate cancer and inflammation plays an important role
in the initiation and progression of cancers, we have explored
a role for TvMIF in prostate cancer. Here, we show that TvMIF
has tautomerase activity, inhibits macrophage migration, and is
proinflammatory. We also demonstrate that TvMIF binds the hu-
man CD74 MIF receptor with high affinity, comparable to that of
HuMIF, which triggers activation of ERK, Akt, and Bcl-2–associated
death promoter phosphorylation at a physiologically relevant
concentration (1 ng/mL, 80 pM). TvMIF increases the in vitro
growth and invasion through Matrigel of benign and prostate
cancer cells. Sera from patients infected with T. vaginalis are re-
active to TvMIF, especially in males. The presence of anti-TvMIF
antibodies indicates that TvMIF is released by the parasite and
elicits host immune responses during infection. Together, these
data indicate that chronic T. vaginalis infections may result in
TvMIF-driven inflammation and cell proliferation, thus triggering
pathways that contribute to the promotion and progression of
prostate cancer.

Prostate cancer is the most common noncutaneous cancer of
men in the United States, affecting one in six men (1). Al-

though the causes of prostate cancer are poorly understood,
inflammation has been implicated in both initiation and pro-
gression of the disease (2, 3). The origin of inflammation in
prostate cancer is unclear, although chronic infections are believed
to promote and establish a tumor-enhancing proinflammatory
environment.
Trichomonas vaginalis is the causative agent of the most

common nonviral sexually transmitted infection, infecting ∼275
million people worldwide (4). T. vaginalis is a flagellated, pro-
tozoan parasite that infects the prostate epithelium (5, 6). Over
75% of men harboring T. vaginalis are asymptomatic and may
not seek treatment, resulting in chronic inflammation (5). Sev-
eral studies have positively associated T. vaginalis infection with
increased incidence and severity of prostate cancer, as well as
benign prostate hyperplasia (2, 6–9). The magnitude of the as-
sociation between T. vaginalis seropositivity and overall prostate
cancer risk is between 1.23 and 1.43 based on two large, nested
case–control studies (7, 8). Additionally there is a statistically
significant increase in risk of extraprostatic cancer [odds ratio
(OR) = 2.17] or cancer-specific death (OR = 2.69) with T. vag-
inalis seropositive status (7).
Our research focuses on the potential contribution of a proin-

flammatory protein, T. vaginalis macrophage migration inhibitory
factor (TvMIF), to prostate cancer, because the human homolog

has a role in the growth and invasion of prostate cancer (10, 11).
Human macrophage migration inhibitory factor (HuMIF) has
been implicated in a broad array of conditions associated with
inflammation, including autoimmunity, cell proliferation, an-
giogenesis, and tumorigenesis (12–15). Increased expression of
HuMIF has been reported in several cancers, including prostate
cancer (16–18). Studies show high expressers of HuMIF have
a heightened risk of prostate cancer, as well as a significant in-
crease in prostate cancer progression and drug resistance (17–
23). Several clinical studies have shown HuMIF production
correlates with both tumor aggressiveness and metastatic po-
tential (23, 24). Additionally, the expression of the HuMIF re-
ceptor CD74 is increased in prostate cancer (10, 25).
HuMIF induces ERK1/2, MAPK, and Akt activation via

binding with the extracellular domain of the MIF receptor CD74
(26). HuMIF has multiple functions with regard to regulating the
immune system, including protecting monocytes and macrophages
from activation-induced apoptosis, which results in sustained in-
flammation (27, 28). Consequently, HuMIF is implicated in the
pathogenesis of several inflammatory and autoimmune diseases in
addition to cancer (29, 30).
Recent studies have shown that several parasitic eukaryotes

encode MIF-like proteins with considerable structural and bi-
ological similarity to their mammalian hosts (31–34). These par-
asite MIF proteins have been shown to modulate host immune
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responses and regulate pathways to promote parasite survival.
Here, we characterize TvMIF and show that it can act as a mo-
lecular mimic of HuMIF. We find that TvMIF binding to the
human CD74 receptor activates extracellular signal-regulated
kinases (ERK)1/2 and Akt protein kinase/proapoptotic Bcl-2–
associated death promoter (BAD) pathways as well as secretion of
proinflammatory IL-8 from monocytes, reduces monocyte migra-
tion, and increases growth and invasiveness of benign prostate
hyperplasia (BPH-1) and prostate cancer (PC3) cells. This research
is, to our knowledge, the first to identify a human inflammatory
cytokine mimic in T. vaginalis and to begin to explore the link
between this sexually transmitted infection and prostate cancer.

Results
Characterization of TvMIF. MIF is an evolutionarily conserved
protein with a unique blend of hormone-like, cytokine-like, and
enzymatic activities. Due to MIF’s involvement in inflammation
and cancer, we hypothesized that if T. vaginalis secreted a pro-
tein of similar function during a chronic prostate infection, the
actions of this protein could lead to increased risk of prostate
cancer. The T. vaginalis genome (www.trichdb.org) encodes a
single MIF homolog (Tvag_219770). This protein, TvMIF, has
31% identity to HuMIF and contains all nine invariant residues
(33) found in other eukaryotic MIFs (marked in red in Fig. 1A).
TvMIF was expressed as a histidine-tagged fusion protein and
purified for in vitro studies. One characteristic of MIF is tauto-
merase activity (35, 36), and TvMIF possesses four of the five
conserved tautomerase catalytic residues (Fig. 1A), so we tested
whether TvMIF can tautomerize the substrate L-dopachrome
methyl ester. As shown in Fig. 1B, TvMIF is able to do so, albeit
at a rate fivefold less than HuMIF. Catalytically inactive HuMIF
is greatly impaired in its ability to stimulate generation of su-
peroxide in activated neutrophils (37); thus, the reduced tauto-
merase activity of TvMIF could decrease the molecule’s priming
of host neutrophils. Enzymatic tautomerase activity is not nec-
essary for biological functions, such as macrophage migration,
countering the effects of glucocorticoids, or growth regulatory
and invasion-promoting properties (38–40). Thus, our further
analyses have focused on characterizing possible biological
functions of TvMIF that could contribute to prostate cancer.
To examine TvMIF localization in vivo, we transfected T.

vaginalis with a plasmid expressing TvMIF fused to an HA tag.
Immunofluorescence assays revealed a cytoplasmic localization

(Fig. 1C). Because HuMIF is known to be secreted, we tested
whether TvMIF is secreted and found it present in secreted
fractions (Fig. 1D). Together, these data indicate that T. vaginalis
produces and secretes TvMIF into its extracellular environment
in vitro.

Evidence of TvMIF Secretion in Vivo. To examine whether TvMIF is
released during T. vaginalis infection in humans, we evaluated
190 sera samples (111 anti–T. vaginalis-positive and 79 T. vagi-
nalis-seronegative) for anti-TvMIF (Table 1). Sera were more
frequently reactive to TvMIF in T. vaginalis-positive (56.8%)
than in T. vaginalis-negative (11.4%) individuals (χ2 = 40.35, P <
0.0001, OR = 8.62). These data strongly suggest that TvMIF is
expressed and secreted in vivo during T. vaginalis infection.
False-negative, cross-reactive, or heterophilic antibodies or other
unspecific antigen binding proteins may be responsible for re-
activity in T. vaginalis-negative sera samples. Also, some
T. vaginalis-seronegative patients may have had a previous T. vag-
inalis infection that was cleared, with detectable levels of circulating
anti-TvMIF antibodies persisting in their sera. Remarkably,
a higher proportion of male patients (78.7%) compared with fe-
male patients (30.0%) tested positive for anti-TvMIF antibodies
(χ2 = 21.50, P < 0.0001, OR = 9.03). These data suggest either more
TvMIF is released by parasites in a male host or the immune system
of infected males responds more strongly to the TvMIF protein.

TvMIF Inhibits Monocyte Migration and Induces IL-8 Secretion. A
standard biological activity of HuMIF is the ability to inhibit
random migration of macrophages or monocytes (38, 41). To
determine whether TvMIF exerts this activity, we examined its
effect on monocyte migration using a Boyden chamber assay. We
found that TvMIF inhibits ∼50% of monocyte migration, com-
parable to that observed using HuMIF (Table 2).
Mammalian MIF is proinflammatory and plays a role in various

autoimmune and inflammatory diseases and cancers (15), so we
examined whether TvMIF could induce secretion of the proin-
flammatory cytokine IL-8. Using human monocytes from three
different donors, we show TvMIF is able to elicit approximately
the same amount of IL-8 secretion from monocytes as HuMIF
(Fig. 2). This result indicates TvMIF is capable of inducing se-
cretion of proinflammatory cytokines from human monocytes,
which may contribute to the inflammatory environment resulting
from T. vaginalis infection. These data indicate that TvMIF can
functionally mimic HuMIF in its interaction with monocytes.

TvMIF Binds Human CD74 with an Affinity Similar to HuMIF. Because
HuMIF is a cytokine and mediator of inflammation and carcino-
genesis, particularly in its extracellular form (42), we examined
whether TvMIF could bind the HuMIF receptor CD74. Because
CD74 is a membrane protein, a soluble, extracellular portion called
sCD74114–232 (27) was used to determine the interaction between
CD74 and TvMIF. An overlay of heteronuclear single quantum
coherence spectra of free 15N-labeled sCD74114–232 (black) and
bound 15N-labeled sCD74114–232 in the presence of TvMIF (red) is
shown in Fig. 3A. Missing peaks that do not overlap between the
black and red spectra are a result of peaks broadened beyond de-
tection and indicate that sCD74114–232 interacts with TvMIF.

Fig. 1. (A) Multiple Sequence Comparison by Log-Expectation (MUSCLE)
alignment of TvMIF and HuMIF sequences with nine invariant residues (39)
shown in red. Carats (̂ ) indicate five residues comprising the tautomerase
active site. (B) TvMIF tautomerase activity was measured using 10 μg/mL
recombinant TvMIF or HuMIF; assays were carried out in triplicate, and data
shown are mean ± SE. (C) Immunofluorescence image and phase (Inset) using
anti-HA antibody (green) and DAPI stain (blue) on parasites expressing TvMIF-
HA. (Magnification: 100×.) (D) Immunoblot analyses of supernatant and pellet
fractions of T. vaginalis transfectants expressing TvMIF-HA incubated at 37 °C
or 16 °C (secretion negative control). Anti-HA antibodies detect MIF. Anti–
β-tubulin (Anti-tubulin) and anti-neomycin (Anti-neo) phosphotransferase
antibodies serve as negative controls for cell lysis.

Table 1. TvMIF is detected by ELISA in patients infected with
T. vaginalis

Sera sample T. vaginalis-positive T. vaginalis-negative

Male, α-TvMIF–positive 48 (78.69%) 6 (17.65%)
Male, α-TvMIF–negative 13 (21.31%) 28 (82.35%)
Female, α-TvMIF–positive 15 (30.00%) 3 (6.66%)
Female, α-TvMIF–negative 35 (70.00%) 42 (93.33%)

Number and percentage of sera samples that tested positive or negative
for T. vaginalis infection and anti-TvMIF antibodies from 190 patients sorted
by gender.
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To quantify the interaction and compare TvMIF and HuMIF
binding, we examined real-time binding of sCD74114–232 to
TvMIF and HuMIF using surface plasmon resonance. The
analysis of sCD74114–232–TvMIF and sCD74114–232–HuMIF
interaction revealed equilibrium dissociation constants (Kds) of
6.32 × 10−8 M and 5.75 × 10−8 M, respectively, indicating similar
affinities for HuMIF and TvMIF binding of CD74 (Fig. 3B).
These data indicate that TvMIF has the capacity to mimic
HuMIF binding to the CD74 receptor.

TvMIF Induces Phosphorylation of ERK1/2, Akt, and BAD in BPH-1 Cells.
The binding of HuMIF to CD74 is known to trigger downstream
pathways via phosphorylation of ERK1/2 and Akt. Given the
ability of TvMIF to bind with high affinity to CD74 (Fig. 3B), we
investigated the effect of TvMIF on these pathways. Extracel-
lular MIF is thought to play a role in tumor growth by activating
signaling cascades, such as p44/42 MAPK (ERK1/2) (26). These
cascades, in turn, promote cell proliferation and activation of
downstream effector proteins involved in the inflammatory re-
sponse, such as secretion of IL-8 as previously shown (Fig. 2).
HuMIF binding of CD74 is also known to activate Akt (43),
which can then result in BAD phosphorylation leading to acti-
vation of antiapoptotic pathways (44).
To assess the ability of TvMIF to trigger signaling cascades, we

used the BPH-1 cell line, which expresses the HuMIF receptor
CD74 (Fig. S1). Immunoblot analyses of BPH-1 cells treated
with 1 ng/mL (80 pM) TvMIF or HuMIF show that the amount
of phosphorylated Akt and ERK1/2 is significantly increased
by TvMIF and HuMIF over the vehicle control within 15 min
(Fig. 4A and Fig. S2). Because MIF is implicated in cancer
progression, we also examined whether TvMIF activates ERK
phosphorylation in the PC3 cell line. Immunoblot analyses of
PC3 cells treated with TvMIF or HuMIF indicate that there is
a significant increase in ERK1/2 phosphorylation over vehicle
control within 1 h (Fig. 4B and Fig. S2). We were unable to test
for an increase in Akt phosphorylation in PC3 cells because the

absence of phosphatase and tensin homolog (PTEN) results in
very high basal levels of Akt and phosphorylated Akt. These data
demonstrate that in addition to interacting with host MIF recep-
tors (Fig. 3), TvMIF can activate host signaling pathways in vitro.
The activation of Akt is known to provide a vital antiapoptotic

signal via phosphorylation of BAD (45). Thus, we probed for
BAD phosphorylation in BPH-1 cells in the presence of 80 pM
TvMIF or HuMIF and its increase over time (Fig. 4A and Fig.
S2). As encountered when probing for phosphorylation of Akt in
PC3 cells, we were unable to detect significant phosphorylation
of BAD over background levels due to very high basal levels in
PTEN-deficient cells (46). Together, our data show that TvMIF
binding to the human receptor CD74 functionally mimics HuMIF
binding by triggering several downstream pathways involved in
increasing cell proliferation and inflammation.

TvMIF Increases Growth of BPH-1 and PC3 Cells. The binding of
TvMIF to CD74, and subsequent phosphorylation of ERK1/2,
Akt, and BAD, triggers downstream pathways involved in cell
proliferation and inflammation. Thus, we examined whether
TvMIF alters cell proliferation. Exposing the BPH-1 or PC3 cell
line to 1 ng/mL (80 pM) TvMIF or HuMIF, we saw a 20% or 40%
increase in growth, respectively, after 72 h of exposure (Fig. 4C).
The increase in cell proliferation is similar whether using TvMIF
or HuMIF, again indicating that TvMIF may be as potent as
HuMIF in its effects on human cells. These data indicate that
TvMIF released into the extracellular milieu during infection can
increase growth of both benign and cancerous prostate cells, and
hence contribute to progression of prostate cancer.

TvMIF Increases Invasiveness of BPH-1 and PC3 Cells. Another char-
acteristic of cancerous cells is increased invasive ability. Studies
have shown that inhibition of HuMIF or its receptor can attenuate
invasion of cancer cells (11). Thus, we investigated whether adding
exogenous TvMIF would affect the invasiveness of BPH-1 or PC3
cells. Using a tumor invasion assay, we examined cell migration
through a Matrigel-coated membrane. We found that 1 ng/mL
TvMIF or HuMIF increases the invasiveness of both BPH-1 and
PC3 cells ∼30% (Fig. 4D) compared with vehicle control. These
data provide evidence that TvMIF may contribute to tumor pro-
gression and metastatic potential of prostate cells.

Discussion
MIF was discovered in 1966 as a soluble mediator that inhibited
the random migration of monocytes (41, 47). Since then, HuMIF
has been shown to be a versatile proinflammatory cytokine involved
in an array of processes, including immunity, cell proliferation, and
tumorigenesis (12, 15, 48). Here, we have characterized the MIF
homolog found in the highly divergent, human-infective parasite
T. vaginalis.
We have shown that TvMIF exhibits tautomerase activity, the

ability to inhibit macrophage migration, and is proinflammatory.
We have also demonstrated that TvMIF binds the human CD74
receptor with high affinity and is as potent as HuMIF in acti-
vating ERK in both BPH-1 and PC3 cell lines, as well as Akt/
BAD phosphorylation in BPH-1 cells. Moreover, TvMIF was
found to increase the growth and invasiveness of both BPH-1
and PC3 cells. Finally, we show that TvMIF is expressed in vivo,
that it elicits a robust immune response in infected individuals,
and that sera from infected men are significantly more reactive
to TvMIF than sera from infected women.
The conservation in biological activity between TvMIF and

HuMIF is notable considering the phylogenetic distance between
T. vaginalis and its human host (49). This conservation could
result from parasite/host coevolution and represent a form of
molecular mimicry (50), or it could indicate that MIF has an
unknown but crucial basic function that has been conserved in
eukaryotes. Our data indicate that the parasite secretes TvMIF,
which mimics HuMIF to bind to the human CD74 receptor,
which, in turn, leads to increased cellular proliferation and
invasiveness.

Table 2. TvMIF inhibits migration of human monocytes

Concentration TvMIF HuMIF
10 ng/mL 54 ± 17.5* 42.9 ± 16.9**

Percentage of inhibition of monocyte migration using 10 ng/mL TvMIF or
HuMIF. Values are means of three independent experiments ± SEM. *P <
0.01; **P < 0.02. No inhibition of migration was measured using PBS (vehicle
control).

Fig. 2. TvMIF (1 ng/mL) or HuMIF (1 ng/mL) induces IL-8 production from
human monocytes. Data shown are representative; the experiment was re-
peated using three different donors, and the same trend in IL-8 production
was consistently observed. Data are the mean of quadruplicates per one
assay ± SEM.
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In fact, TvMIF interacts with the human CD74 with approxi-
mately the same affinity as HuMIF, which would allow it to
compete or perhaps potentially cooperate with HuMIF. As
prostate cancer progresses, levels of HuMIF and CD74 increase
(10), resulting in a positive feedback loop that leads to in-
flammation and activation of cell proliferation and survival
pathways (51–53). TvMIF could add fuel to this fire by stimu-
lating CD74, because we show that TvMIF binding to CD74 can
activate downstream ERK and Akt/BAD pathways. The effects
exerted by TvMIF may likewise have an impact on host defenses

and result in overall local immune dysregulation because effec-
tive host immunity depends, in part, on the appropriate balance
of cytokines.
Indeed, we show that at 1 ng/mL, TvMIF can induce IL-8 se-

cretion from monocytes. We also found that higher concentrations
of either TvMIF or HuMIF could stimulate IL-6 secretion (Fig.
S3). This result is consistent with reports that HuMIF potentiates
secretion of IL-6 but does not induce secretion independently
(54). It is possible that in cases of coinfection, other diseases, or
chronic inflammation, TvMIF could synergize with other signals to
release a broader array of inflammatory cytokines.
The presence of antibodies against TvMIF in human sera

demonstrates that TvMIF is expressed during infection. Secre-
tion of TvMIF during infection would allow it access to host
receptors and other host cells in the vicinity of infection. In-
terestingly, sera from males infected with T. vaginalis were more
reactive to anti-TvMIF antibodies than female-infected patient
sera. This finding is particularly notable because women often
have a more active immune system (55) and typically have
greater risk for contraction and a heavier sexually transmitted
infection burden due to their greater mucosal surface area (56).
One hypothesis for this difference is that TvMIF is either pro-
duced or secreted by parasites to a greater extent in male
patients due to potential involvement of TvMIF in parasite
survival in the harsh environment of the penile urethra or
prostate. Alternatively, TvMIF may be expressed in the context
of inflammation more frequently in male patients, leading to the
formation of an adaptive immune response to TvMIF that would
otherwise be an inert antigen due to its resemblance to HuMIF.
The ability of TvMIF to increase proliferation and invasiveness

of BPH-1 and PC3 cells in vitro further supports a role for TvMIF
in human prostate cancer. Moreover, TvMIF-induced IL-8 could
contribute to angiogenesis (57, 58), thus exacerbating the cycle of
inflammation, carcinogenesis, and metastasis. A link between
T. vaginalis infection, inflammation, and cancer is reinforced by
clinical evidence correlating T. vaginalis infection and increased
risk of both benign prostate hyperplasia and prostate cancer (6, 7,
9). The development of a chronic infection animal model for
T. vaginalis or future studies of prostate tissues from T. vaginalis-
infected patients will be important to validate our in vitro data and
to assess further whether T. vaginalis is responsible for causing
a subset of human prostate cancers. It is notable that other
chronically infective pathogens, such as Helicobacter pylori and
Schistosoma hematobium, and viruses, such as hepatitis B virus or
EBV, are associated with increased cancer risk and even con-
sidered causative (59–61). Approximately 17% of the global
burden of cancer is related to chronic infections (61) as chronic
inflammation may increase cancer susceptibility. In fact, the
Hanahan cycle of cancer (62) defines inflammation and un-
controlled cell growth, both activities promoted by TvMIF, as
hallmarks of cancer.
Taken together, these analyses indicate that through a combi-

nation of chronic inflammation and secreted bioactive molecules,
such as TvMIF, T. vaginalis infection can have an impact on host
immune system regulation and play a role in increased risk of
human prostate cancer. These studies underscore the importance

Fig. 3. TvMIF interacts with the HuMIF receptor CD74. (A) NMR spectra of TvMIF and sCD74114–232 show incomplete overlap of red and black peaks, in-
dicating that TvMIF and CD74 interact. (B) Surface plasmon resonance plots of various concentrations of TvMIF or HuMIF flowed over immobilized
sCD74114–232 reveal that TvMIF and HuMIF have similar Kd values for the human receptor CD74.

Fig. 4. TvMIF activates ERK1/2 and Akt/BAD pathways in BPH-1 and PC3
cells, resulting in increased cell proliferation and invasion. (A) Serum-starved
BPH-1 cells were exposed to 80 pM endotoxin-free rTvMIF or rHuMIF and
tested by immunoblot analysis for phosphorylated-ERK Thr202/Tyr204
(p-ERK1/2), total ERK1/2 (ERK1/2), phosphorylated Akt (p-Akt), total Akt (Akt),
BAD phosphorylated at ser136 (p-BAD), total BAD (BAD), and a β-tubulin
(Tubulin) loading control, using the corresponding antibodies. (B) Serum-
starved PC3 cells were exposed to 80 pM endotoxin-free TvMIF (Tv-4h) or
HuMIF (Hu-4h) for 4 h and probed for p-ERK1/2, ERK1/2, and a β-tubulin
loading control. The time course and quantification of BPH-1 and PC3 data
are provided in Fig. S2. Negative (Neg) = 1× PBS vehicle control, and positive
(Pos) = 5% FBS. (C) BPH-1 or PC3 cells were plated and dosed with 80 pM LPS-
free rTvMIF or rHuMIF every 24 h for 72 h. Cell numbers were then assessed
colorimetrically. The addition of either 1 ng/mL TvMIF or HuMIF increases
proliferation. Mean fold increase in proliferation (∼1.2-fold for BPH-1 cells
and ∼1.4-fold for PC3 cells) over untreated cells from three independent
experiments done in quadruplicate, with ±SEM, is shown. (D) BPH-1 or PC3
cells preincubated with 80 pM LPS-free rTvMIF or rHuMIF for 24 h were added
to BD Fluorblok Tumor Invasion Plates in the presence of 80 pM TvMIF or
HuMIF for 48 h. Fold increase in invasion over vehicle control-treated cells ±
SEM of three independent experiments in triplicate is shown. *P < 0.05.
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of understanding the impact of parasite-secreted molecules on
human infection and the need to investigate subclinical or
“asymptomatic” aspects of parasite biology. More studies on
T. vaginalis and cancer, along with parasite mimics of human
cytokines, will aid in understanding the extent to which this
chronically infective parasite affects its hosts.

Materials and Methods
T. vaginalis Cell Culture. T. vaginalis strain G3 was cultured as previously
described (63). Tvag_219770 (TvMIF) was cloned into the Master-Neo-(HA)2
plasmid (64) and transfected as previously described (65), and it was main-
tained with 100 μg/mL G418 (Invitrogen). Parasites were grown at 37 °C and
passaged daily for ≤2 wk.

Secretion Assay. A secretion assay was performed as described (66). Western
blot analysis was performed using anti-HA (1:5,000; Covance) to detect TvMIF,
anti–β-tubulin (1:1,000; Sigma), and anti-neomycin phosphotransferase
II (1:2,500; Jackson Labs). Secondary antibodies were anti-mouse–HRP (1:25,000)
and anti-rabbit–HRP (1:25,000).

Human Cell Culture. BPH-1 and PC3 cells were grown as described (67, 68).
Monocytes were obtained from the University of California, Los Angeles
(UCLA) Virology Core in Iscove’s modified Dulbecco’s medium (Invitrogen) +
5% (vol/vol) human antibody serum + 15% (vol/vol) FBS and used the same
day for experiments.

Production of Recombinant Macrophage Migration Inhibitory Factor. TvMIF or
HuMIFwas cloned into the pET200 expression vectorwith a C-terminal His-tag
and transformed into Escherichia coli BL21 cells (Invitrogen). Protein was
purified using His FastFlow Columns (GE Healthcare). For cell culture assays,
protein was dialyzed into PBS and cleaned using Detoxi-Gel Endotoxin Re-
moving Columns (Thermo Scientific). Protein was checked for LPS using
a ToxinSensor Chromogenic LAL Endotoxin Assay Kit (Genscript) and found
to have <0.005 EU/mL LPS.

The pET28a plasmid containing sCD74114–232 gene was kindly provided by
the laboratory of R. Bucala (Yale University, New Haven, CT). The sCD74
protein was expressed in BL21 E. coli. The 15N-labeled sCD74114–232 was
produced by growing bacteria in minimal medium consisting of 1 mM
magnesium sulfate, 0.1 mM calcium chloride, 0.5 μg/mL thiamine, 100 μg/mL
ampicillin, 1 g/L 15NH4Cl as the main nitrogen source (CIL), and 5 g/L glucose
as the main carbon source. The protein was purified using nitrilotriacetic
acid affinity chromatography to greater than 90% purity as previously de-
scribed (27).

Tautomerase Assay. TvMIF or HuMIF dopachrome tautomerase activity was
measured as previously described (33).

Macrophage Migration Assay. CD14+ monocytes were isolated by magnetic
cell sorting using MACS anti-CD14–labeled magnetic microbeads (Miltenyi
Biotec Italia) following peripheral blood mononuclear cell purification from
buffy coats of healthy donors by Ficoll gradient centrifugation in Histopaque
1077 (Sigma–Aldrich).

Monocyte migration assays were performed using a Chemicon QCM
chemotaxis 5-μm, 24-well cell migration assay kit (Millipore), according to
the manufacturer’s directions. The migration rate was quantified by reading
fluorescence emission at 480/520 nm using a GENios microplate reader (Tecan).

NMR Data Collection and Processing. NMR data were collected at 40 °C on
a Varian 600-Mhz NMR spectrometer. All titration experiments were per-
formed using 200 μM H-15N–labeled sCD74114–232 and a series of concen-
trations (50 μM, 100 μM, 200 μM, and 400 μM) of protonated TvMIF in 20 mM
NaPO4 and 1 mM EDTA (pH 7.4). At each titration point, a heteronuclear
single quantum coherence spectrum was collected at 40 °C.

Real-Time Binding Studies. Surface plasmon resonance (GE Healthcare BIA
T100) was used to measure the real-time binding of sCD74114–232 to TvMIF
and HuMIF. sCD74114–232 was immobilized onto CM5 sensor chips (GE
Healthcare) by amine coupling following the manufacturer’s instructions.
sCD74114–232 binding was measured for 60 s at 25 °C, followed by 260 s of

dissociation. BIAevaluation was used to determine the equilibrium affinity
constant. Three independent experiments were performed.

Cytokine Detection. Primary human monocytes from UCLA’s Virology Core
were incubated in serum-free AimV (Invitrogen) for 2 h before exposure to
1 ng/mL endotoxin-free TvMIF or HuMIF, LPS (Sigma), or Dulbecco’s PBS
(vehicle control; Invitrogen). Supernatants were collected and assayed for
IL-8 using an ELISA kit (AssayPro) according to the manufacturer’s instruc-
tions. Additional cytokines were examined using a BD Biosciences Cytokine
Bead Array according to the manufacturer’s instructions.

Growth Assays. Five thousand BPH-1 or PC3 cells per well were plated in
quadruplicate in a 96-well plate and treated with 1 ng/mL TvMIF, HuMIF, or
Dulbecco’s PBS as a vehicle control. The media were changed daily, and 24-h
time points were quantified using a Promega CytotoxOneMembrane Integrity
Assay kit. Results were quantified as the fold increase over vehicle control.

Invasion Assays. Invasion assays were performed according to the manu-
facturer’s instructions (BD Biosciences). BPH-1 or PC3 cells were preincubated
with 1 ng/mL TvMIF or HuMIF for 24 h. Cells were trypsinized, and 1 × 105

cells were added to the apical chamber of each well of a BD Fluoroblok
Tumor Invasion System with 1 ng/mL TvMIF or HuMIF. Cells that migrated to
the lower chamber were labeled after 48 h with 5 μM Calcein AM (BD Bio-
sciences). Invasiveness was quantified by measuring the fluorescence of
migrated TvMIF- or HuMIF-treated cells relative to samples treated with
vehicle (PBS) control.

MIF Activation of ERK1/2, Akt, and BAD. BPH-1 and PC3 cells were serum-
starved for at least 24 h before experiments. TvMIF (1 ng/mL) or HuMIF
(1 ng/mL) was added, and at various time points, cells werewashed before the
addition of ice-cold radioimmunoprecipitation assay buffer + 1X HALT
phosphatase inhibitor (Thermo Scientific) + 1X HALT protease inhibitor
(Thermo Scientific). Cell lysates were collected by scraping and spun to
remove debris. Protein content was quantified using the BCA Protein Assay
Kit (Pierce). Western blots were blocked with 3% (wt/vol) BSA·Tris-buffered
saline and Tween 20 and incubated with rabbit anti-ERK1/2, anti–phospho-
ERK1/2, anti-Akt, or anti–phospho-Akt antibodies (all at 1:1,000; all from Cell
Signaling) and anti–β-tubulin (1:5,000; AbCam) as primary antibodies. Anti-
rabbit–HRP secondary antibody (1:25,000; Jackson Laboratories) was used
before addition of ECL for measurement of antibody binding by chem-
iluminescence. When needed, membranes were stripped with 200 mM
NaOH and 0.1% TX-100, and probed for total ERK1/2, Akt, or β-tubulin.
Quantification performed with ImageJ (National Institutes of Health; data
shown in Fig. S2) is the mean fold increase relative to negative control
(loading normalized with tubulin) from three independent experiments
with two exposures quantified per experiment.

Assaying Immunogenicity of TvMIF. Sera from 190 patients (95 male and 76
female) previously tested for the presence of anti-T. vaginalis antibodies (111
positive results and 79 negative results) (69) by indirect ELISA were used to
evaluate TvMIF immunogenicity during human infection. The collection of hu-
man sera samples was approved by the Bioethics Committee of University of
Sassari (reference no. 803/CE). Informed consent was obtained from all donors
and the samples were entered into a database and processed anonymously.

Briefly, TvMIF was used to coat 96-well microtiter plates (0.5 μg per well;
Nunc). Sera were diluted 1:200 and tested for TvMIF reactivity by incubating
plates with polyclonal anti-human antibodies. Three newborn serum sam-
ples were used as negative controls. Cutoff values were established using the
mean value of control sera + 3 SDs. A serum sample with an ELISA reading
above the cutoff value was classified as positive.
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