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Abstract:
Bovine trichomoniasis is an abortifacient sexually transmitted disease caused by the parasitic protozoa
Tritrichomonas foetus (T. foetus). In this dissertation project, the immune responses of cattle to
purified and crude antigens of T. foetus were examined including examination of possible effector
mechanisms and mechanisms of pathogenesis to address the following hypothesis. Acquired immunity
can be induced in cattle in response to infection and certain antigens of T. foetus. Examination of
cell-mediated immune responses induced by parasite antigens should reveal mechanisms of
pathogenesis and/or host effector mechanisms of protection.
Immunoaffmity chromatography was used to purify the adhesin Tfl90. Silver stained SDS-PAGE gels
showed the presence of two immunogenic subunits of Tfl90 at 140kDa and 60kDa. The presence of
carbohydrates and lipids previously shown to be in the LPG of T. foetus were demonstrated.
Subcutaneous injections of antigen preparations primed bovine peripheral blood mononuclear cells
(PBMC) as demonstrated by antigen specific proliferation and cytokine production upon ex vivo
antigen exposure ofPBMC. Antigen-specific T cells derived from PBMC responded by production of
IFNγ message and protein. Reactions of antibody from cattle parenterally immunized with Tfl90
revealed antigen specificity and Tf190-sensitization and significant increases in IgG1 and IgG2.
Immune sera also significantly inhibited parasite adhesion to mammalian cell lines as compared to
pre-immune sera. Intranasal immunization with Tf190 resulted in significant increases in parasite
specific IgA in cervical mucus secretions from immunized animals that were more resistant to
intravaginal challenge with T. foetus compared to controls.
Mouse infection models revealed innate mechanisms of immunity (PMN and macrophage influx) upon
intravaginal exposure to T. foetus and the human trichomonad Trichomonas vaginalis (T vaginalis).
Examination of the effects of parasites on macrophages revealed the ability of T foetus and T vaginalis
to directly induce TNFa message and protein demonstrating the presence of a known mechanism of
pathogenesis that is detrimental to pregnancy outcome. Finally, the ability of activated macrophages to
suppress the growth, and in some instances destroy, Tfoetus was demonstrated.
The studies presented here show for the first time antigen specific T cell responses resulting in the
production of protective antibody responses. Furthermore, anamnestic IFNy responses in T foetus
antigen primed animals and subsequent in vitro evidence of direct TNFa activation support a
mechanism for activating macrophages for production of NO, possibly resulting in the observed
parasite suppression, and or destruction of parasites,elucidating potential effector pathways of
protection and/or pathogenesis.
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ABSTRACT
Bovine trichomoniasis is an abortifacient sexually transmitted disease caused by the
parasitic protozoa Tritrichomonasfoetus (T. foetus'). In this dissertation project, the
immune responses of cattle to purified and crude antigens of T. foetus were examined
including examination of possible effector mechanisms and mechanisms of pathogenesis
to address the following hypothesis. Acquired immunity can be induced in cattle in
response to infection and certain antigens of T. foetus. Examination of cell-mediated
immune responses induced by parasite antigens should reveal mechanisms of
pathogenesis and/or host effector mechanisms of protection.
Immunoaffmity chromatography was used to purify the adhesin Tfl 90. Silver stained
SDS-PAGE gels showed the presence of two immunogenic subunits of Tfl 90 at 140kDa
and 60kDa. The presence of carbohydrates and lipids previously shown to be in the LPG
of T. foetus were demonstrated. Subcutaneous injections of antigen preparations primed
bovine peripheral blood mononuclear cells (PBMC) as demonstrated by antigen specific
proliferation and cytokine production upon ex vivo antigen exposure ofPBMC. Antigenspecific T cells derived from PBMC responded by production of IFNy message and
protein. Reactions of antibody from cattle parenterally immunized with Tfl 90 revealed
antigen specificity and Tf 190-sensitization and significant increases in IgGi and IgGaImmune sera also significantly inhibited parasite adhesion to mammalian cell lines as
compared to pre-immune sera. Intranasal immunization with Tfl 90 resulted in
significant increases in parasite specific IgA in cervical mucus secretions from
immunized animals that were more resistant to intravaginal challenge with T. foetus
compared to controls.
Mouse infection models revealed innate mechanisms of immunity (PMN and macrophage
influx) upon intravaginal exposure to T. foetus and the human trichomonad Trichomonas
vaginalis (T. vaginalis). Examination of the effects of parasites on macrophages revealed
the ability of T foetus and T vaginalis to directly induce TNFa message and protein
demonstrating the presence of a known mechanism of pathogenesis that is detrimental to
pregnancy outcome. Finally, the ability of activated macrophages to suppress the growth,
and in some instances destroy, Tfoetus was demonstrated.
The studies presented here show for the first time antigen specific T cell responses
resulting in the production of protective antibody responses. Furthermore, anamnestic
H7Ny responses in T foetus antigen primed animals and subsequent in vitro evidence of
direct TNFa activation support a mechanism for activating macrophages for production
of NO, possibly resulting in the observed parasite suppression, and or destruction of
parasites, elucidating potential effector pathways of protection and/or pathogenesis.
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CHAPTER I
IMMUNITY AND TRITRICHOMONAS FOETUS
Introduction
Parasitic protozoa are a true success from an evolution standpoint. Collectively,
they are complex in form having large genomes in comparison to other microbial
pathogens like viruses and bacteria. They are very well adapted to their particular hosts,
being clever at evading host immune responses with unique physiology and biochemical
abilities (I). As a result, protozoa have been difficult to eliminate in humans and in
animals.
There are many protozoan pathogens of humans, resulting in such serious diseases
as malaria, amoebic dysentery, Chagas disease, African sleeping sickness, and
leishmaniasis.

Malaria is still the largest killer of mankind. The World Heath

Organization estimates 300-500 million new cases/year will surface worldwide (2).
Another protozoan Trichomonas vaginalis is responsible for trichomoniasis and is one of
the most prevalent sexually transmitted diseases in the world with an annual incidence of
~ 170 million cases and an estimated 8 million new cases in the U. S. alone (2,3). More
striking, however, is the estimated rate of asymptomatic cases being approximately 50%
( 3).

Wild and domestic animals also have detrimental protozoan pathogens causing
both death and economic loss. Major parasitic protozoa infections in domestic animals
include, coccidiosis caused by Eimeria hovis and Eimeria zuernii, sarcocystosis
(Sarcocystis sp.) babesiosis (Babesia bigemina described by Smith and Kilborne 1893),

and trichomoniasis (Tritrichomonasfoetus) (4). All of these diseases are capable of
causing morbidity and mortality of fetuses. Babesiosis and coccidiosis can also cause
death in adult animals.
The first individual to see protozoa was the Dutch microscopist Antony van
Leeuwenhoek. In 1674 he discovered Eimeria stiedai. Soon after he discovered Giardia
lambia by examination of his own stools (I). Now, over 300 years later we are only in
the beginning stages of understanding immunity to the protozoan species. It is, therefore,
very important to pursue research in these areas. The elimination of all microbial
pathogens (whether bacteria, viruses, or parasites) requires a general understanding of
immune responses induced by antigens of the pathogen. This knowledge can be acquired
a number of different ways. It can be studied in vitro with cell lines or in vivo with
animal models of immunization and infection. Regardless of the approach, in order to
make advancements in chemotherapy or in vaccine development the immune response
must be defined.

Immunity:
The immune system in higher vertebrates is a spectacular display of cells and
signaling molecules that harmonize to protect the body from a myriad of foreign invaders
(e.g. pathogenic microbes such as parasites, bacteria, and viruses). It is characterized by a
highly specific ability to recognize an enormous repertoire of foreign antigens, while
maintaining self-tolerance and is subsequently capable of eliminating these foreign

invaders with a diverse collection of potent effector mechanisms. Like the neurological
system the acquired immune response also has memory.
It is divided into two basic systems, the innate and the adaptive. Innate immune
responses are characterized by their ability to non-specifically recognize pathogens,
whereas specificity and memory characterizes the adaptive response (5). Both systems
include humoral and cellular components. An important difference, however, is the
ability of the adaptive immune response to remember antigens. This ability allows the
adaptive immune response to decrease its response time to previously seen pathogens by
increased numbers of responding cells capable of increased response kinetics (6). The
adaptive immune response is, thus, a delayed response that requires a previous exposure
to the antigen. The adaptive immune response has different effector cells, mainly T and B
cells (that recognize different forms of the antigen) and the numerous cytokines they
secrete. It is the adaptive response which made the concept of vaccines a reality. An
individual could be immunized, thus, increasing the kinetics of the response upon re
exposure to the same antigen (7, 8).
The innate immune response lacks the ability to remember antigens and,
therefore, has consistent response kinetics with a constant number of precursor cells.
Thus, in the past, the innate immune response was defined as the more primitive, less
sophisticated branch of the immune system (9). It is true that the adaptive immune
response evolved after the innate (~ 400 million years ago), and that the adaptive immune
response is found only in cartilaginous and bony fish, amphibians, reptiles, birds, and
mammals (10). However, it is now becoming evident that the innate immune system

instructs the adaptive immune response by communicating whether or not the adaptive
system is to respond (9). The delivered messages are still somewhat difficult to decode in
that the innate immune response sends the initiation signal to the adaptive system but
does not always clearly identify the antigen. As a result, it sometimes fails to distinguish
self from non-self, infectious from non-infectious, or dangerous from non-dangerous (9,
11, 12). Nevertheless it is now becoming evident that the innate immune response is an
integral part of adaptive immunity.

Innate Immunity:
The first line of defense against microbial invasion is the innate immune system
characterized by its ability to recognize antigens rapidly and without prior exposure (13).
Effectors of the innate immune system include epithelial cells, serum proteins, cytokines,
and leukocytes. Host resistance to pathogen invasion begins with physical barriers such
as skin and mucosal membranes. Oftenthe pathogen is initially denied access to the host
making colonization impossible. Ifthe physical barriers are penetrated the pathogen is
then confronted with other elements of the innate immune system that include
macrophages, natural killer cells, granulocytes, and complement.
Complement, first described by Jules Bordet in 1900, is a surveillance system
made up of more than 30 membrane or plasma proteins capable of directly lysing
microbes. It is the primary anti-microbial effector (9). It is also intimately involved in
recruiting the cellular effectors of the innate immune system. For example, the coating of

microbes with the opsonnic complement component C3b allows for efficient uptake by
phagocytic cells such as macrophages and polymorphonuculear cells (PMNs).
Elie Metchnikoff was the first to identify the process of phagocytosis (14).
Metchnikoff correctly proposed that phagocytes were involved in the first line of defense.
This observation made in 1884 was elemental in launching the field of immunology in
particular the notion of cell-mediated immunity, and establishing the importance of
phagocytosis in immunity.
One of the primary phagocytic cells is the neutrophil, the most abundant
leukocyte in the blood of most mammals. Neutrophils are often referred to as professional
phagocytes designed to quickly and efficiently respond to microbial antigens and are very
much a part of the inflammatory process (15). They are highly influenced by
chemoattractants and are equipped with adhesion molecules that allow for surveillance,
adherence and transmigration through vascular endothelium into tissue sites of infection
and inflammation (13, 16). Neutrophils are activated by a number of agents including
endotoxin, interleukin-1 f-Met-Leu-Phe, and inflammatory cytokines such as TNFa (13,
17). Activation of neutrophils results in degranulation generating such effectors as
lysozyme, cathepsin G, defensins, lactoferrin, hydrochloric acid and the production of
toxic oxygen metabolites such as hydrogen peroxide. Unfortunately, the products of
effectors such as oxygen radicals can easily go beyond what is necessary to contain an
infection and the end result can be chronic inflammation and severe tissue damage.
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Macrophages are key members of the innate immune system, having both
microbicidal abilities and regulatory functions, thus, establishing homeostasis within the
tissues (13). They are instrumental in growth, differentiation, and death of other cell
types. Macrophages are potent effectors of the innate immune system, but are also key to
T cell- mediated inflammatory responses (18). Some of their roles in immunity include
the production of potent anti-microbial agents, functioning as antigen presenting cells
(APC), presenting antigen to T cells, and destroying pathogens by phagocytosis. One of
the most potent anti-microbial agents produced by an activated macrophage is nitric
oxide (NO) (19). However, macrophages also produce other cytostatic/cytotoxic agents
such as hydrogen peroxide and superoxide anion (19). Microbial, cellular, or soluble
signaling proteins (broadly termed cytokines) can activate macrophages (13, 20).
Macrophages secrete cytokines and are under the influence of several cytokines. An
activated macrophage can secrete interleukin (IL) IL-12, IL-18, IL-6, IL-10, IL-ljB,
tumor necrosis factor a (TNFa), TNF|3, and transforming growth factor P (TGFp).
Collectively, the ability to produce and respond to cytokines places macrophages in a key
position to interact and instruct the adaptive immune response. Thus, although
macrophages are equipped to eliminate pathogens they can also damage tissues when
present chronically or when they respond in excess of that necessary for pathogen
elimination (19).

Adaptive Immunity:

■:

Although the concept of immunology was described during the plague of Athens
in 430 B. C., theories of acquired immunity appeared only in the last millennium (13).
Tomio Tada defined the immune system as a super-system capable of self-regulation
through self-organization (21). It begins a complex self-regulation from a single
progenitor (22) giving rise to a complex super-system through a stochastic process of
selection and adaptation. In the process the system generates individualism and
independence to interpret external and internal stimuli via its own established behaviors.
In short it is a fabulous illustration of a highly integrated life system, which we are only
beginning to understand.
The adaptive immune response can be divided into two major categories of
immunity. Humoral immunity is defined by secreted antibodies, immunoglobulins (Ig),
produced by B-Iymphocyte (B cells) that differentiate into plasma cells. Cell mediated
immunity is defined by cell-cell interactions, led by T-Iymphocytes (T cells) (23).
B cells originate in the bone marrow in adults and in blood islands, placenta, and
liver in the fetus. B cells have an antigen-independent stage and an antigen-dependent
stage of development. The antigen-independent stage of development generates a single
IgM as its B cell receptor (BCR) for antigen (24). Ig gene rearrangement generates an
enormous repertoire of B cells with unique BCR (25). It is estimated that the average
individual generates approximately IO9 different BCR by gene recombination. Encounter
with antigen, coupled with secondary signals, results in division and isotype switching of
the B cell. There are 5 major classes of immunoglobulins IgD, IgM, IgG, IgA, and IgE.
The different classes offer different effector functions. For example, IgE causes mast cell
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degranulation, while subclasses of IgG (in human IgGl, IgG2, and IgG3) along with IgM
are most efficient at binding complement (23, 13). Clonal expansion of the terminally
differentiated B cell derived plasma cell insures that the antigen specificity of the original
B cell is maintained and produced in abundance (26). Plasma cells can secrete
immunoglobulin at a phenomenal rate (10,000-20,000 molecules/minute).
T cells activate B cells most efficiently, however, they can be activated
independent of T cells by direct receptor crosslinking (27). Many of the T cellindependent antigens contain repetitious structures, such as polysaccharides.
Lipopolysaccharide (LPS) is an excellent example of a T cell-independent antigen. The
resulting anti-LPS antibodies are usually IgM and are of limited specificity. Cooperation
with T cells via contact and cytokine secretion results in effective isotype class switching
and affinity maturation. Antigens often require cooperation between B and T cells in
order to produce the type of antigen-specific responses that have effector functions. For
example T cells produce interleukin-4 (1L-4) which is the most potent signaling cytokine
in B cell switching to IgE and in signaling to non-complement fixing antibodies of the
IgG subclass (IgGl in mice and cattle, IgG4 in humans).
T cells get their name from the thymus, the organ where they undergo
differentiation. T cells belong to two basic lineages based on the cell surface receptors
they express either a (3 or yS. The different subsets of T cells correspond to different
effector functions. The a|3 T cells can be further divided into CDB+ cytotoxic T-cells,
CD4+ inflammatory cells, and CD4+ helper T cells (13). A small percentage of y5 T cells
can be CDB+, however, the overwhelming majority in cattle are CD4, and CDS' (28). T

cells do not recognize antigen in its native form and instead recognize peptide fragments
presented by antigen presenting cells in association with major histocompatability
complexes I and II (MHCI and MHCII). There is evidence that yg T cells can recognize
antigen without M HCI or MHCII presentation and may use non-classical means of
antigen presentation such as CDl molecules (29). Additionally, there is evidence
suggesting that y8 T cells can recognize non-peptide antigens such as lipids and
glycoproteins (29).
Upon exiting the thymus, naive CD8+ T cells are destined to become cytotoxic T
cells that destroy infected cells (often virus infected cells) by mechanisms involving
perforin and granzymes orFas/FasL mediated apoptosis (23). However, the effector
functions of CD4+ T cells are not predetermined upon emergence from the thymus; rather
these functions are influenced by several different factors during downstream
development. Mature CD4+ T cells are usually classified into two major subsets termed
T-helper I (Thl) or T-helper 2 (Th2) and, although not often identified, a third subset Thelper 3 has been defined (30, 31, 32). The initial classification of Thl and Th2 CD4+
cells was defined by Mosman et al (30) in 1986 using murine CD4+ T cell clones. The
CD4+ T cells were subdivided into populations based on their particular cytokine profiles
and were termed Thl or Th2. Initially, Thl cells were classified by their production of
interleukin-2 (IL-2), and the inflammatory cytokines interferon y (IFNy) and lymphotoxin
(TNF|3). The hallmark Thl cytokine, IFNy, regulates cell-mediated immunity, primes
macrophages for activation, and aids in isotype switching of B cells to opsonic and

complement fixing IgG antibodies (such as IgG2a in mice and cattle) (31, 33, 34, 35).
The defining effector function of a Thl response is delayed type hypersensitivity (30).
Likewise, Th2 cells are also defined by the production of specific interleukins
(IL-4, 5, 6, 10,13). IL-4 is identified as the hallmark Th2 cytokine (30, 31, 35). The
Th2 subset is defined by its influence on humoral immunity. It is the Th2 subset that
greatly increases the switching of B lymphocytes to IgE, and non-complement fixing IgG
isotypes (IgGl in mice). The more recently described Th3 subset is characterized by the
production of transforming growth factor P (TGFP). TGFp regulates control of cell
growth and differentiation along with regulation of cell functions and target gene
activities (32). The Thl/Th2 paradigm created a unique way of classifying immune
responses by measurable factors (cytokines), thus, opening up the means of predicting the
effector functions of a particular immune response. However, it soon became evident
that the dichotomy between the two systems was not as clear as originally predicted.
Furthermore, since the subsets were originally defined in mice, it became evident that
although a similar pattern existed in humans and in other species like cattle, they were not
so restrictive. For example, it is now evident that IL-10, originally a Th2 classified
cytokine, is also produced by Thl populations (36, 37, 38). It is also important to recall
that the polar responses, i.e. Thl versus Th2, were observed in chronically infected or
chronically/hyper-immunized animals (31,39, 40). Therefore, under natural conditions
of infection or immunization the classification of Th responses may be more
heterogeneous.
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A controversial subset termed ThO has been defined as T helper cells (clones of
human and mouse cells) that produce both Thl and Th2 cytokines (34, 39, 40, 41). The
ThO population may be precursors to Thl and Th2 populations or may in fact represent a
different subset of helper T cells that balance cell mediated immunity with humoral
immunity. In addition, it was also discovered that the decision by CD4+ T cells to become
Thl versus Th2 cells is not solely dependent on cytokine environment (although it seems
to have the largest influence). It is also influenced by: (I) nature of antigen, (2) mode of
antigen entry into host, (3) tissue distribution of antigen once inside host, (4) number of
epitopes or ligand density, and (5) uptake by APC (42).
Nonetheless, the Thl/Th2 paradigm does offer a means of predicting effector
responses by correlating expression of cytokines with immune responses. For example,
IFNy has strong regulatory effects on the production ofIL-4, and since the reverse is true,
the strong Thl or Th2 responses do exist. Thus, identification of the canonical helper
cytokine, i. e. IFNy or EL-4, can predict rather distinct effector response pathways. For
example, IFNy can regulate macrophage activation, therefore, increasing the likelihood of
TNFa and NO production. It can increase expression of MHCII, increase production of
opsonic IgG antibodies, influence the activation of CD8+ T cells and down regulate
production of EL-4. In contrast, EL-4 is a potent regulator of antibody production, as it
promotes B-cell switching to IgE and assists B cells in the production of IgM and non
complement fixing antibodies. IL-4 has regulatory influence on EFNy (34, 43, 44). For
example, an increase in IL-4 corresponds to a decrease in EFNy production (34, 37).
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The regulation of the T-helper subsets is not simply controlled by just the
presence of the seminal cytokines. Instead, it is now evident that there are cytokines that
strongly influence the production of IFNy and IL-4, respectively. It is now becoming
evident that there is a rich milieu of signaling and transcription that control the T cell
developmental switch. In the last few years much progress has been made on the level of
understanding of transcriptional control of cytokine expression. It seems that many of the
cytokine receptors are associated with the Janus kinase family of tyrosine kinases (Jaks)
(35). When the Jaks are activated via phosphorylation they in turn phosphoiylate specific
tyrosine residues on the cytokine receptor. The tyrosine residues are reservoirs for latent
transcription factors called signal transducers and activators of transcription (STATs).
After further phosphorylation and dimerization, STAT eventually is translocated to the
nucleus. Proximal promoters of cytokine-inducible genes are then bound by STAT, thus,
activating gene transcription. The specificity of STATs has to do with the order of kinase
phosphorylation (45, 46). There are, thus, unique regulations of gene transcriptions. For
example, IFNy is under the transcriptional regulation of STAT I, and STAT I and STAT
4 control production of a potent Thl inducing cytokine IL-12. IL-4 is under the
transcriptional regulation of STAT 6, and mice with STAT 6 gene knockouts do not
make a Th2 response (35).

Obviously, there are still some mysteries as to how certain

cytokines are turned on or off or simply maintained. For example, EL-IO blocks the
production of EL-12 but how is not yet known. No gene promoters from EL-10 can be
found that inhibit EL-12 production. It is, therefore, hypothesized that EL-10 activates a
process that accelerates the degradation of IL-12 (35).

I

The innate and adaptive immune responses are inherently linked. It is the two
systems working together that most effectively eradicates a pathogen from its host. For
example, Listeria monocytogenes is a bacterium that infects macrophages. Macrophages
in turn produce cytokines, such as, IL-1, IL-12, TNF, and IL-15. In response to these
cytokines natural killer (NK) cells are recruited. NK cells can then produce IFNy that
primes macrophages for activation, killing Listeria and allowing Listeria peptides to be
presented to T cells. T cells under the influence of the cytokine environment generate the
long-lived memory T cells that ultimately provide the protection against reinfection.

Tritrichomonas foetus:
Tritrichomonasfoetus {T foetus) is a sexually transmitted parasitic protozoan of
cattle that is cosmopolitan in its distribution (47). It is a primitive eukaryote and a
member of the family Trichomonadidae (described by Wenyon, 1926), whose members
are characterized by 3-5 free flagella, a cytosome, an undulating membrane (with one
flagella on the margin), and an axostyle extending through the posterior of the cell. The
first described species of trichomonad was T tenax (Levine). It was isolated from a
human mouth by O F. Muller in 1773 (he called it Cercaria tenax). In 1837, Donne
isolated Trichomonas vaginalis {T. vaginalis) from the human vagina, and in 1854
Davaine found T vaginalis in the stools of cholera patients. In 1928, Riedmuller
discovered T foetus (I, 4).
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Morphologic studies of T. foetus were first done in 1933 by Wenrich and
Emmerson, and again by Kirby in 1951 (4, 48). T. foetus is typically pyriform in shape
and has 3 anterior flagella and one recurrent flagellum (Fig. I). The flagella along with
the undulating membrane and the supporting costa originate at the anterior portion of the
parasite in the kinetosomal complex. T. foetus has a simple life-cycle with one
morphologic form, the trophozoite, which is transmitted only through breeding.
T foetus is an aerotolerant anaerobe that prefers anaerobic conditions, but can
survive aerobic conditions for a limited time. (4) Therefore, it can be cultured axenically
without elimination of oxygen, provided the media contains peptones, yeast extracts,
serum, maltose and/or dextrose (47). Such media include modified Diamond’s (49),
CPLM (described by Johnson and Trussel 1943, (4), CTLM (50), and NIH and Brewer
thyioglycolate broths (51).
T foetus is quite interesting biochemically. It cannot synthesize its own purines
or pyrimidines and, therefore, relies on salvage enzymes in particular hypoxanthine guanine phosphoribosyltransferase (described by Wang, (4). T foetus poorly metabolizes
lipids and seems to be virtually dependent on environmental sources (52). Protein
metabolism is poorly understood, but the organism has an abundance of proteases,
(primarily cysteine proteases) that may actually play a role in pathogenesis. It also lacks
mitochondria, mitochondria cytochromes, or a functioning tricarboxylic acid (Krebs)
cycle. Respiration in the presence of oxygen instead occurs by ferredoxin-mediated
electron transport. Meanwhile, oxidative degradation of carbohydrates (21 different
kinds are utilized (53), occurs primarily in organelles called hydrogenosomes.

Hydrogenosomes contain several enzymes that metabolize carbohydrates, including
malate dehydrogenase, hydrogenase succinate thiokinase, adenylate kinase and
pyruvate:ferredoxin 2-oxidoreductase. These enzymes operate to produce acetate from
pyruvate, although the Embden-Meyerhoff pathway generates the pyruvate initially.

A.

B.

Fig I : Micrographs of Tritrichomonas foetus stained with Giemsa’s stain.
Note the 3 anterior flagella and pyriform shape of the parasite. (A.) Arrows
are showing the undulating membrane and recurrent flagellum (black arrow),
and the axostyle (red arrow). (B). A parasite has attached to a murine
vaginal epithelial cell.

16

Free radicals formed in the hydrogenosome during acetate formation include
superoxide anion (O2"). The parasite controls the existence of this potentially dangerous
substance by converting O2' to H2O2 and O2 using its available catalase (peroxide
decomposing enzyme) and superoxide dismutase (SOD), found in large quantities in the
cytosol. Interestingly, it has been speculated that the abundance of SOD may protect the
parasite from a powerful innate immune mechanism, that of leukocytic oxidative burst
(54). Catalase in the meantime can control the H2O2. T. foetus is also equipped with an
abundance of glycosylases (55, 56), including P-n-acetyl glucosaminidase, amannosidases, and (3-glucosidases, allowing for the breakdown of mucin (56). It is not
known whether mucin degradation helps the venereal pathogen scavenge nutrients or if it
may be involved in the mechanism of pathogenesis.
Like other parasitic protozoa the surface of T. foetus contains numerous
carbohydrate-rich molecules that are believed to function in parasite survival against host
immune responses and to aid in adherence of the parasite to host tissues (57).
Lipophosphoglycan (LPG) is a major surface glycoconjugate of T. foetus and T. vaginalis
(~2-3 XIO6 copies per cell) and is also found in several other protozoan species
including Leishmania sp. Entamoeba histolytica, and Trypanosoma brucei, (57, 58, 59,
60, 61). LPG is a tripartite structure consisting of a phosphoglycan, a variable
phosphorylated glycan core, and a lysoalkyl-PI moiety. The LPG of the T. foetus
contains the following monosaccharides; fucose, galactosamine,glucosamine, galactose,
glucose, mannose, and inositol, with fucose having the highest molar ratio. It also
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contains lipid structures with the majority being palmitic and stearic acid (57). Little is
known about the immune responses to LPG

The best-defined LPG is in the Leishmcmia

sp.. It is believed that Leishmania LPG is instrumental in parasite protection against
complement and oxidants and is a major ligand for macrophage adhesion (61). It is also
thought to be capable of shutting down macrophage signaling pathways (61). In addition,
Leishmania LPG has a tightly associated protein complex that can stimulate T cell
responses (59). Interestingly, in Leishmania sp. and with Entamoeba histolytica LPG has
been found to be protective against cutaneous leishmaniasis and invasive amebiasis,
respectively (59, 60).

Trichomoniasis:
Infection of cattle with T. foetus results in the disease trichomoniasis, which is
variable in outcome in the pregnant cow. At breeding, T. foetus is introduced into the
cranial portion of the vagina. It then proceeds to colonize the cervix, uterus, and oviducts
(62). No area within the reproductive tract has been identified as a reservoir of infection,
although some evidence indicates that the uterus may serve this purpose (63, 64).
Organisms are usually found on the mucosal surfaces of the female reproductive tract or
in the epithelial glands/crypts of the penis of the bull (62, 65, 66, 67). Although all bulls
of breeding age can become infected and transmit the infection, T foetus generally
infects bulls greater than four years of age (66, 68), whose crypts in the prepuce and on
the penis are well developed.

V

Infection of the fetus, however, can be fatal. The organism can colonize the
placenta (Fig. 2A., B.), intestinal crypts of the fetus, and even the fetal lung (Fig. 3).
The location of infection within a fetus, along with the overall parasite load, would
presumably affect the outcome of pregnancy, i. e. whether or not the fetus is carried to
term, prematurely delivered, or aborted. However, the parameters governing the
outcome of pregnancy have not yet been determined.
Pathologic changes in the cow can include vaginitis, endometriosis, and pyometra
(69). However, the presence and intensity of these lesions are variable, and infections in
some animals may be asymptomatic. For example, a veterinarian may identify a few
animals that failed to become pregnant during a breeding season, but may not suspect
anything since the number of open cattle falls within a reasonable percentage. This
failure to become pregnant could in fact be due to either infertility induced by the
infection or by a spontaneous abortion.

Abortions of the fetus in trichomoniasis

primarily occur in the first trimester, but occasionally as late as eight or nine months of
gestation (65).
The reason T. foetus is abortifacient is not understood. Embryonic wastage could
be a result of inflammation within the uterus (68); however, this has not been proven.
Interestingly, infections often self cure (for 6 to 12 months), presumably due to acquired
immunity that develops as a result of infection. However, reinfection is common and can
occur in consecutive breeding seasons, suggesting that if acquired immunity is
responsible for resolution of infection, immunity is incomplete.
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Fig 2: T. foetus detected in the lung of an aborted fetus with MAb 34.7C4.4. A
prominent giant cell is indicated with the yellow arrow. Micrograph kindly provided by
Dr. Jack Rhyan (NWDC).
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Fig 3: T. foetus (black arrows) detected in placentas from aborted fetuses by MAb
32.3B3.5. Micrograph kindly provided by Dr. Jack Rhyan (NWDC).
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Bulls are usually asymptomatic, but occasionally have mild and transient
balanoposthitis (66). Infected bulls can carry the infection for life serving as a reservoir
for the disease, suggesting immunity from natural infection rarely protects against
challenge. Therefore, the reported herd incidence remains near 10% despite the
availability of a commercial vaccine (70) and other control measures.
Antimicrobials are not beneficial for control since there is no Food and Drug
Administration (FDA) approved chemotherapy in the United States (71). Oral doses of
dimetiidazole have been effective at eliminating the parasite from infected bulls (66, 72);
however, the FDA will not accept this treatment for use on animals for food consumption
due to its classification as a potential carcinogen. Currently, the accepted method of
control requires testing, which involves the cumbersome task of taking cervical mucus
samples (for parasite detection after culture) every two weeks for three consecutive times
(73). Known positive animals are then culled. Consequently, many ranches do not
routinely test for trichomoniasis until a trend of losing calves in the first trimester is
noticed, which may in fact take several breeding seasons. Hence, by the time T. foetus is
identified, it is often already established as a chronic infection.
The T. foetus vaccine available in the U. S. (70) is problematic because of its
incomplete efficacy. Results of one efficacy trial showed about a 20% reduction of
infection rates in vaccinated heifers upon challenge with infected bulls and inoculation of
cultured T. foetus, compared to controls (70). Pregnancy rates of vaccinated animals
compared to controls indicated a -20% increase in pregnancy on day 270 of gestation of
the vaccinated animals compared to controls (82.76% compared to 60.53%). Another

study reported an infection rate in cattle immunized with killed T foetus that was equal to
controls; however; the immunized animals cleared the infection more rapidly than
controls (74). Others have shown partial protection from infection from parenteral
immunizations with crude and partially purified antigens (75, 76, 77, 78). However,
mechanisms of resistance are not understood and effector functions are not well defined.
These observations strongly suggest that improvements in vaccine efficacy could be
made if the mechanisms of immunity were better defined. .

Immune Responses to T. foetus:
Since T. foetus is an extracellular microorganism, it would be expected to and
does, induce good antibody responses. Immunization and infection result in parasitespecific antibody responses systemically and in secretions of the reproductive tract
(76,79). Parasite-specific antibody responses to natural T foetus infection in cattle
including IgGl, IgG2 and IgA isotypes, have been demonstrated using a variety of assays
and parasite antigens (70, 75, 76, 80, 81). Parasite-specific antibody responses have also
been seen in experimental infections (79, 82). IgA responses in experimentally
challenged animals usually occur by 6 weeks (75). Others report that vaginal and
cervical IgA and IgGlare increased up to 24 weeks post challenge (in cervical IgGl and
IgGZ decrease before IgA) with notable increases at 7-9 weeks. It was also observed that
IgG2 was significantly increased in a fraction of animals at 10-12 weeks post intravaginal
challenge with live organisms.

Uterine antibody responses are similar to vaginal and cervical responses, although
not as persistent. Experimental intravaginal infections also resulted in a limited systemic
response, characterized by IgGl and IgG2 antibody production (79). The limited work
done with mouse models supports the bovine antibody observations (83). Collectively, it
seems that antibody responses are easily induced and may be important in the
mechanisms of protection.

Mechanisms of Pathogenesis:
The mechanisms of pathogenesis of T. foetus are not well described. T foetus has
been shown to adhere to host cells (84), leading to killing by a contact-dependent
mechanism (85), including contact dependent cytotoxicity against bovine vaginal
epithelial cells (86). Monoclonal antibodies to parasite adhesin molecules have been
shown to inhibit adhesion of the parasite to mammalian tissues (87, 88). These data
suggest that adhesion is an important step in the cytopathic mechanism of host cell
damage, and it follows that adhesion is likely to be important in the pathogenesis of
bovine trichomoniasis.
T foetus has an abundance of proteases (mostly cysteine, but many that are not
characterized) and numerous hydrolases (4). These proteases, when secreted, could
attack the cellular matrix causing detachment of target cells (89). In addition, T. foetus
has been shown to rapidly degrade parasite specific antibody (89) after internalization,
suggesting a mechanism o f evasion of the effects of parasite-specific antibody.
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Trichomoniasis can induce a chronic inflammatory response, characterized by
infiltration of reproductive tract tissues by mononuclear cells (65, 90).
Immunohistochemical examination of fetal, as well as placental, tissues demonstrated
antigens of T foetus within macrophages and multinucleated giant cells in these tissues.
In addition, there is evidence of influx of polymorhonuclear leukocytes (PMN) into
reproductive tract tissues, and there is one report that indicates PMN have the capacity to
kill T. foetus (91). It is not understood precisely how this killing occurs. Another
interesting observation was made by Granger et. al in 1997 (92) when a chemotactic
factor for neutrophils was isolated from T. foetus and identified as a homolog of ironcontaining superoxide dismutase (SOD).

Hypothesis and Rationale
This dissertation addresses the following hypothesis: Acquired immunity can be
induced in cattle in response to infection and certain antigens of T. foetus.
Examination of cell-mediated immune responses induced by parasite antigens
should reveal mechanisms of pathogenesis and/or host effector mechanisms of
protection.
Trichomoniasis continues to negatively impact the beef industry by causing
infertility and abortion (55). The reported herd incidence remains near 10%, with an
estimated 5% loss in production per cow, despite the availability of a commercial vaccine
(TrichGuard®, Fort Dodge Laboratories). This is likely due to the efficacy of the current

vaccine being low (approximately 30% reduction of abortion). Chemotherapy is currently
unavailable, so control measures rely on culling infertile animals. Therefore,
development of economical control methods, by either chemotherapy or improvements in
vaccine, efficacy, are warranted.
Advancements in both chemotherapy and vaccine development are complicated
by a general lack of knowledge of immune effector functions contributing to protection,
and insufficient understanding of the pathogenesis of trichomoniasis. In particular,
information on cell-mediated immunity to I foetus is virtually absent. One means of
addressing the lack of information is to identify target antigens. Adhesion to mammalian
host cells may be an important step in T foetus pathogenesis, since it was previously
shown that parasite adhesion to host cell targets facilitated target cell killing. The
monoclonal antibody 32.3B3.5 recognizes a surface antigen, Tfl90, and this monoclonal
was shown to block adhesion of T. foetus to mammalian cells (88). Blocking adhesion
leads to a decrease in parasite mediated cellular cytotoxicity, suggesting a decrease in
host tissue damage and/or an inability of the parasite to establish an infection may then
result in vivo. Therefore, these results suggest that Tfl 90 could be a useful target antigen
for vaccine development.
In the following projects, Tfl90, recognized by 32.3B3.5 was further
characterized both biochemically and immunologically along with immunological
evaluations of whole parasite antigen preparations. An investigation into the cell
mediated and humoral immune responses elicited by immunization of cattle with Tfl 90
and whole parasite antigen can be used to characterize the mechanisms of specific
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immune responses in vivo. Besides the information contained in this thesis, there are no
other publications on T cell induction to T. foetus or antigens of T. foetus. The types of
T-cell responses induced by Tfl 90 and whole parasite antigens can be determined by
defining cytokine and phenotypic profiles and will be valuable because identification of
T-cell induction mechanisms can often identify effector functions driven by these
mechanisms.
Identification of T cell induction pathways is useful only to a certain degree
because there is no guarantee that a specific induction pathway will always lead to a
given effector function. Therefore, defined T cell responses should be examined for
potential effector functions by in vitro analysis. Thus, whether or not immunization with
Tfl 90 or crude parasite antigens activates effector pathways that are potentially
protective against a T foetus challenge will be examined. In addition, this type of
evaluation could reveal potential mechanisms of pathogenesis, perhaps leading to the
observed adverse outcomes in pregnancy.
Finally, the constraints of working with cattle limit the ability to execute certain
types of experiments. Local immune responses in mouse models will, therefore, be
investigated to acquire basic information about immunological and inflammatory
responses to T. foetus (83).

}
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The following manuscripts contain data from this dissertation.
Shaia C. I., J. Voyich, S.J. Gillis, B. N. Singh, and D.E. Burgess. 1998. Purification
and expression of the Tfl 90 adhesin in Tritrichomonasfoetus. Infection and Immunity.
66:1100-1105.
Voyich, J. M., A. Palecanda, and D.E. Burgess. 2001. Antigen specific T cell responses
in cattle immunized with antigens of Tritrichomonasfoetus. Journal of Parasitology, in
press.
Voyich, J. M., R Ansotegui, C. Swenson, J. Bailey, and D.E. Burgess. 2001 Antibody
responses of cattle immunized with the Tfl 90 adhesin of Tritrichomonasfoetus.
Manuscript Accepted with Revisions: Journal of Clinical and Diagnostic Laboratory
Immunology

Summary and Conclusions

This dissertation contains results as listed in the following 5 Appendices
supporting the hypothesis that acquired immunity can be induced in cattle in response
to T. foetus infection and to certain antigens of T. foetus. Examination of cellmediated immune responses induced by parasite antigens may reveal mechanisms of
pathogenesis and/or effector mechanisms of protection. Prior to the investigations
described in this dissertation, there were no reports describing cell-mediated immunity to
T foetus. The only published information relating to cell-mediated immunity described
histological aspects of bovine trichomoniasis largely based on pathology (62, 65). There
was a complete absence in the literature of any description of T cell mediated immunity.
Results presented within this dissertation clearly demonstrate the induction of cellmediated immunity in cattle in response to antigens of T foetus, specifically T cell
responses.

In the first project, the purification of T fl90 by affinity chromatography is
described. This adhesin was found to contain carbohydrate and lipid, consistent with the
LPG of T. foetus. This was the first biochemical characterization of an antigen of T.
foetus. Subsequent results showed that Tfl 90 (and crude antigen preparations) were
immunogenic in cattle and could elicit antigen-specific T cell responses, as demonstrated
by antigen-specific proliferation of primed T cells. In addition, a distinct shift in cellsurface phenotype became evident in Tfl90-primed PBMC responding in vitro to long
term (14 days) exposure to parasite antigen. This shift was characterized by a dramatic
change in T cell surface phenotypes from a mixed CD4+, CD8+, y5+, initially, to a CD4+,
CDS', and y8' profile as the in vitro response progressed.
Following the observation of T cell induction with strong evidence of T helper
induction (CD4+), the next approach involved searching for evidence of what type of T
helper response may be induced by T foetus antigens. Cytokine profiling by RT-PCR
revealed evidence that T. foetus antigens stimulated primed CD4+ T cells toward Thl
(IFNy) and Th2 pathways (IL-4). The influence of IL-4 was also manifested in antibody
response patterns of cattle immunized with Tfl 90, specifically, a strong IgGlresponse.
Antigen- specific IgG2 responses were also noted in these animals and were likely
influenced by the observed EFNy induction. These responses also gave rise to
functionally relevant anti-adhesin antibodies. In addition, animals immunized
intranasally, a route of immunization that favors Th2 type responses, showed partial
protection from infection (50% reduction in Tfl 90 immunized animals compared to

controls), and the efficacy of this immunization was actually equivalent to that observed
with the commercially available vaccine (70).
Effector pathways of cellular immunity were investigated after evidence of
induction of an anamnestic IFNy response in Tfl90 and whole extract antigen-primed
PBMC. Since IFNy is potent at priming macrophages for activation, we investigated the
effects of activated macrophages on control of T foetus growth. Murine J774A. I
macrophages activated with LPS and IFNy suppressed the growth of T. foetus. Using
flow cytometry viability assays, we obtained evidence of destruction of parasites exposed
to activated parasites. Whether this destruction occurs by soluble factors such as NO or
H2 O2 , by phagocytosis or by both mechanisms was not clear. However, preliminary data
contained in this thesis seems to support both mechanisms.
Additional projects within this dissertation addressed local immune responses by
developing mouse models of trichomonad infections using BALB/c/By and SCID mice
synchronized in their estrous cycle (Whitten effect). Comparisons of cellular influx using
these models and intravaginal inoculations of T. foetus revealed particular stages of
estrous where the mice were more susceptible to trichomonad infection. Mice seemed to
be more receptive to infection during proestrus and estrus vs. metestrus and diestrus.
These observations, coupled with studies done on cyclophosphamide treated mice,
revealed a protective effect of innate immunity, as cyclophosphamide treated animals had
higher infection rates. Mice exposed to T. vaginalis and T foetus antigens also showed
an influx of macrophages into vaginal, cervical, and uterine areas within the reproductive

tract. These mouse models will offer the ability to further study infection characteristics
and innate mechanisms of immunity to trichomoniasis.
Finally, the ability of both T. vaginalis and T foetus parasites to directly induce
TNFa in macrophages was investigated. Real time RT-PCR demonstrated the ability of
both trichomonads to induce TNFa message, and preliminary data supports the induction
of functional TNFa. Thus, immunization with Tfl 90 (or whole extract antigen) that can
induce IFNy responses may also prime bovine macrophages for direct induction of
TNFa. Innate production of DFNy via NK cells of the reproductive tract could also
supply the priming IFNy signal. The IFNy and TNFa could, in turn, activate
macrophages for production of NO, which was shown to be capable of suppressing
parasite growth. These results clearly suggest that cellular immune responses to
trichomonads could potentially eliminate the parasite. Alternatively, the described
responses constitute an identified mechanism that adversely affects the outcome of
pregnancy (93), which may explain why infections with T. foetus can result in
spontaneous abortions and why infections with T. vaginalis can result in pre-term
delivery.
Collectively, this dissertation paints a picture of T cell-mediated induction
pathways in response to antigens of T foetus, leading to effector pathways that are
potentially protective. However, the observations also demonstrate the potential for an
immune mechanism of early embryo loss, a harsh effect of bovine trichomoniasis. In
addition, the results of the mouse studies with T. vaginalis show similarities in the
immune responses and to the observations made with T. foetus, suggesting that studies on

T. foetus may provide a useful model of immunity, infection, and inflammation for T
vaginalis.

32

References

1. Levine N. D. Protozoan parasites of domestic animals and of man 2nd edition Burgess
Publishing Company. Minneapolis MN. 1973.
2. World Health Organization. 1999 www.who.int/home-page/
3. Petrin D., K. Delgaty, R. Bhatt, and G. Garber. 1998. Clinical and microbiological
aspects of Trichomonas vaginalis. Clinical Microbiology Reviews. 11: 300-317.
4. BonDurant R. H. and B. M. Honigberg. 1994. Trichomonads of veterinary
importance. In Parasitic Protozoa vol. 9. Academic Press, San Diego CA.
5. McBlane, J. F., D. C. van Gent, D. A. Ramsden, C. Romed, CA. Coumo, N.
Gellert, M.A. Oettinger. 1995, Cleavage at a V(D)J recombination signal requires only
RAGl and RAG2 proteins and occurs in 2 steps. Cell: 83: 387-395.
6. Dutton R. W. L. M. Bradley, S. L. Swain. 1998. T cell Memory. Annual Review of
Immunology. 16: 201-223
7. Sprent, J. 1994. T and B memory cells. Cell. 76: 315-322.
8. Sprent J. 1997. Immunological memory. Current Opinions in Immunology. 9: 371379.
9. Fearon, D.T., and R.M. Locksley. 1996. The instructive role of innate immunity in
the acquired immune response. Science. 272: 50-3.
10. Thompson C. B. 1995. New insights into V(D)J recombination and its role in the
evolution of the immune system. Immunity. 3: 531-539.
11. Sacks, G., I. Sargent, and C. Redman. An innate view of human pregnancy. 1999.
Immunology Today. 20: 114-118.
12. Matzinger, P. 1994. Tolerance, danger, and the extended family. Annual Review of
Immunology. 12: 991-1045
13. Paul, W. 1999 Fundamental Immunology Fourth Edition. Lippincott Raven.
14. Metchnikoff, E., 1884. Concerning the relationship between phagocytes and anthrax
bacilli. Virchow’s Archiv fur Pathologischen Anatomic. 97: 502-506. Reprinted
translation. 1984. Reviews of Infectious Diseases. 6: 761-770.

33

15. Allen , L A., A. Aderem. Mechanisms of phagocytosis. Current opinions in
Immunology. 1996. 8: 36-40.
16. Murphy P M. 1994. The molecular biology of leukocyte chemoattractant receptors.
Annual Review of Immunology. 12: 593-633
17. Cohen, M.S. 1994. Molecular events in the activation of human neutrophils for
microbial killing. Clinical Infectious Disease. 1994.18: S170-179.
18. Grewal, I S., and R. A. Flavell. 1998. CD40 and CD 154 in cell-mediated immunity.
Annual Review of Immunology. 16: 111-135.
19. MacMicking, J., Q. Xie, and C. Nathan. 1997. Nitric oxide and macrophage
function. Annual Review of Immunology. 15: 323-350.
20. Trinchieri, 1997. Cytokines acting on or secreted by macrophages during
intracellular infection. Current Opinions in Immunology. 9: 17-23.
21. Tada T. 1997. The immune system as a supersystem. Annual Review of
Immunology. 15: 1-13.
22. Morrison S. J. D. E. Wright, S.H.Cheshier, and I L Weissman Hematopoetic
stem cells: challenges to expectations. Current Opinions in Immunology. 1997. 9: 216221.
23. Janeway, C A., and P. Travers. 1996. Immunobiology: The immune system in
health and disease. Garland Publishing Inc., New York. 549pp.
24. Sleckman, B. P., J. R, Gorman, and F. W. Alt. 1996. Accessibility control of
antigen-receptor variable-region gene assembly: role of cis-acting elements. Annual
Review of Immunology. 14: 459-481.
25. Tonegawa, S. 1983. Somatic generation of antibody diversity. Nature: 302,575-581
26. Rajewsky, K. 1996. Clonal selection and learning in the antibody system. Nature
381: 751-758.
27. Parker S. 1993. T-cell dependent B cell activation. Annual Review of Immunology.
11:331-360.
28. Wilson E., M. Aydintug, M. Jutila. 1999. A circulating bovine y5 T cell subset,
which is found in large numbers in the spleen accumulate inefficiently in an artificial site

I

34

of inflammation: correlation with lack of E-selectin lignads and L-selectin. J. of
Immunology 162: 4914-4919.
29. Jayawardena-Wolf, J., A. Beadelac 2001. CDl and lipid antigens: intracellular
pathways for antigen presentation. Current Opinions in Immunology. 13: 109-113.
30. Mosmann, T., H. Cherwinski, M. Bond, M. Gieldlin, R Coffman. 1986. Two
types of Murine Helper T cell Clone I. Definition According to Profiles of Lymphokine
Activities and Secreted Proteins. I. oflmm. 136. 2348-2357.
'
31. Mosmann, T. R , and R L . Coffman. 1989. THl and TH2 cells: Different patterns
of lymphokine secretion lead to different functional properties. Ann. Rev. Immunol.
7:145-173.
32. Letterio J. L., and A. B. Roberts. 1997. TGF-P a critical modulator of immune cell
function. Clinical Immunology and Immunopathology. 84: 244-250.
33. Stavnezer, J. 1996. Immunoglobulin class switching. Current Opinions in
Immunology. 8: 199-205.
34. Abbas A., K. Murphy, A. Sher. 1996. Functional diversity of helper T
lymphocytes. Nature. 303: 787-793.
35. Murphy, K. M., W. Ouyang, J.D. Farrar, J. Yang, S. Ranganath, H. Asnagli, M.
Afkarian, and T. L. Murphy. 2000. Signaling and transciption in T helper development.
Annual Review of Immunolgy. 18: 451-494.
36. Brown, W., A. Rice-Ficht, and M. Estes. 1998. Bovine type I and type 2
responses. Vet. Immunol, and Immunopath. 63:45-55.
37. Mosmann, T .R , and S. Sad. 1996. The expanding universe of T-cell subsets: T hl,
Th2 and more. Immunol. Today. 17: (3) 138-146.
38. Sornasse, T., P. Larenas, K. Davis, J. deVriew, H. YsseI 1996. Differentiation
and Stability of T Helper I and 2 Cells Derived from Naive Human Neonatal CD4+ T
Cells, Analyzed and the Single- cell Level. I. Exp. Med. 184: 473-483.
39. Sher, A., R L. Coffman. 1992. Regulation of immunity to parasites by T cells and
T cell-derived cytokines. Annual Review of Immunology. 10: 385-409.
40. Romagnani, S., E. Maggi, G. Del Prete. 1994. HIV can induce a Thl to ThO shift,
and preferentially replicates in CD4+ T-cell clones producing Th2-type cytokines.
Research Immunology. 145: 611-617.

41. Kelso A., Thl and Th2 subsets: paradigms lost? 1995. Immunology today. 8: 374379.
42. Constant, S., K. Bottomly. 1997. Induction of Thl and Th2 CD4+ T cell responses:
The alternative approaches. Aim. Rev. Immunol. 15: 297-322.
43. Kamogawa, Y., L. A. Minasi, S. R Carding, K. Bottomly, and R A. Flavell
1993 . The relationship ofIL-4 and IFN y producing T cells studied by lineage ablation of
IL-4-producing cells. Cell 75:985-995.
44. Oriss, T.S. McCarthy, B. Morel, M. Campana, and P. Morel. 1997.
Crossregulation between T helper cell Thl and Th2. I. Immunol. 158:3666-3672
45. Leonard, W. J., and J. O’Shea. 1998. JAKS and STATS: Biological implications.
Annual Review of Immunology. 16: 293-322
46. Heim M., 1999. The JAK-STAT pathway: cytokine signaling from the receptor to
the nucleus. Journal of Receptor and Signal Transduction Research. 19: 75-120
47. Skirrow, S.,and RH . BonDnrant. 1988. Bovine trichomoniasis. Veterinary
Bulletin. 58: 591-603.
48. Kirby, H. 1951. Observations on the trichomonad flagellate of the reproductive
organs of cattle. Journal of Parasitology, vol, 9, pp. 111-188. 37: 445-449.
49. Diamond, L.S., 1957. The Establishment of Various Trichomonads of Animals and
Man in Axenic Cultures. Journal of Parasitology. 43: 488-490
50. McEntegart, M. G. 1952. The application of haemagglutination technique to the
study of Trichomonas vaginalis infections. Journal of Clinical Pathology. 5: 275-280.
51. Lindblom, G. P. 1961. Carbohydrate metabolism of tiichomonads: Growth,
respiration, and enzyme activity in four species. Journal ofProtozoology . 8: 139-150.
52. Beach, D. H., G.G. Holz, B. N. Singh, and D. G. Lindmark. 1991. Phospholipid
metabolism of cultured Trichomonas vaginalis and Trichomonasfoetus. Molecular and
Biochemical and Parasitology. 38: 175-190.
53. Shorb, M. S. 1964. The physiology of trichomonads. In Biochemistry and
Physiology of Protozoa. (S.H. Hutner, ed,). vol. 3, pp. 383-357. Academic Press, New
York, NY.

36

54. Kitchener, K R , S. R Meshnick, A.S. Fairfield, and C. C. Wang. 1984. An iron
containing superoxide dismutase in Trichomonasfoetus. Molecular and Biochemical
Parasitology. 12 : 95-99.
55. Felleisen R 1999. Host-parasite interaction in bovine infection with Tritrichomonas
foetus. Microbes and Infection I: 807-816.
56. Connaris, S., and P. GreenweIL 1997. Glycosidases in mucin-dwelling protozoans,
Glycoconjugates Journal 14: 879-872.
57. Singh, B N 1994. The existence of lipophosphoglycan-like molecules in
Trichomonads. Parasitology Today 10: 152-154.
58. Singh, B. N. 1993. Lipophosphoglycan-Iike glycoconjugate of tritrichomonas
foetus and Trichpmonas vaginalis. Molecular and Biochemical Parasitology. 57: 281294.
59. Jardim, A., D. Tolson, S. Turco, T. Pearson, and R Olafson. 1991. The
Leishmania donovani lipophosphoglycan T lymphocyte-reactive component is a tightly
associated protein complex. Journal of Immunology. 147: 3538-3544.
60. Marinets, A., T. Zhang, N. Guillen, P. Gounon, B. Bohle, U. Vollmann, O.
Scheiner, G. Wiedermann, S. Stanley, and M. Dnchene 1997. Protection against
invasive amebiasis by a single monoclonal antibody directed against a lipophosphoglycan
antigen localized on the surface of Entamoeba histolytica. Journal of Experimental
Medicine. 186: 1557-1565;
61. Spath, G.F., L. Epstein, B. Leader, S.M. Singer, H. A. Avila, S. J. Turco, and S.
M. Beverley. 2000, Lipophosphglycan is a virulence factor distinct from related
glycoconjugates in the protozoan parasite Leishmania major. Proceedings of the National
Academy of Science. 97: 9258-9263:
62. Parsonson, I.M., B.L. Clark and J.H. Dufty. 1976. Early pathogenesis and
pathology of Trichomonasfoetus infection in virgin heifers. J. Comp. Path. 86:59-66.
63. Robertson, M. 1963. Antibody response in cattle to infection with Tritrichomonas
foetus. In: Immunity to protozoa pp. 336-345. Blackwell Scientific Publications. Oxford,
England.
64. ClarkBX., 1971. Venereal diseases of cattle. Veterinary Review. I: 5-26.
65. Rhyan, J. C., L. L. Stackhouse, and W. J. Quinn. 1988. Fetal and placental lesions
in bovine abortion due to Tritrichomonasfoetus. Vet. Pathol. 25:350-355.

37

66. Rhyan, J. C., K.L. Wilson, B. Wagner, M. L. Anderson, R H. BonDurant, D. E.
Burgess, G. K. Mutwiri, and L. B. Corbeil. 1999. Demonstration of Tritrichomonas
foetus in the external genitalia and of specific antibodies in preputial secretions of
naturally infected bulls. Vet. Pathol. 36:406-411.
67. Yule, A., S. Z. Skirrow and R H. BonDurant 1989. Bovine trichomoniasis. Par.
Today 5:373-377.
68. Berry S. L., and B. B. Norman. 1985. Trichomoniasis in beef cattle. Animal
Nutrition and Health. Aug. pp.30-33.
69. Clark, B.L., J. H. Dufty, I.N. Parsonson. 1983. The effect of Tritrichomonas foetus
infection on calving rates of beef cattle. Australian Veterinary Journal. 60: 71-74.
70. Hall, M R , W. G. Kvasnicka, D. Hanks, L. Chavez, and D. Sandblom 1993.
Imporved control of trichomoniasis with Trichomonasfoetus vaccine. Agri-Practice 14,
January.
71. Goodger, W.J. and S.Z. Skirrow. 1986. Epidemiologic and economic analyses of
an unusually long epizootic of trichomoniasis in a large California dairy herd. Journal of
American Veterinary Association. 189: 772-776.
72. Kimsey, P., B.J. Darien, J.W. Kendrick, and C.E. Franti. 1980. Bovine
trichomoniasis: diagnosis and treatment. 177: 616-619.
73. Abbitt B. and L. Ball. 1978. Diagnosis of trichomoniasis in pregnant cows by
culture of cervico-vaginal mucus. Theriogenology. 9: 267-270.
74. Gault, R A., W. G. Kvasnicka, D. Hanks, M. Hanks and M. R Hall. 1995.
Specific antibodies in serum and vaginal mucus of heifers inoculated with a vaccine
containing Tritrichomonasfoetus . Amer. J. Vet. Res. 56:454-459.
75. Corbeil, L., M. Anderson, R Corbeil, J. Eddow, and R H. BonDurant. 1998.
Female Reproductive Tract Immunity in Bovine Trichomoniasis. Amer. J. of Repro.
Immuol. 39: 189-198.
76. BonDurant, R H., R R Corbeil, and L.B. Corbeil. 1993. Immunization of virgin
cows with surface antigen TfL 17 of: Tritrichomonasfoetus. Inf. Immun: 61: 1385-1394.
77. Kvasnicka, W. G., R E. L. Taylor, J-C Huang, D. Hanks, R J. Tronstad, A.
Bosworth, and M. R Hall. 1989. Investigations of the incidence of bovine
trichomoniasis in Nevada and of the efficacy of immunizing cattle with vaccines
containing Tritrichomonasfoetus. Theriogenology 31:963-971.

38

78. Morgan, B. B 1947. Vaccination studies on bovine trichomoniasis. Amer I
Vet.Res.8:54-56.
79. Skirrow, S.Z., and R. H. BonDurant 1990. Immunoglobulin isotype of specific
antibodies in reproductive tract secretions and sera in Tritrichomonasfoetus-mfectsti
heifers. Amer. J. Vet. Res. 51:645-653.
80. Huang, J-C D. Hanks, W. Kvasnicka, M. Hanks and M. R Hall. 1989. Antigenic
relationships among field isolates of Tritrichomonasfoetus from cattle. Amer. J. Vet.
Res. 50:1064-1068.
81. Voyich, J. M., R Ansotegui, C. Swenson, J. Bailey, and D.E. Burgess. 2001.
Antibody responses of cattle immunized with the Tfl 90 adhesion of Tritrichomonas
foetus. Manuscript Accepted with Revisions. Clinical and Diagnostic Laboratory
Immunology.
82. Anderson, M. L., R H. BonDnrant, R R Corbeil and L. B. Corbeil 1996.
Immune and inflammatory responses to reproductive tract infection with Tritrichomonas
foetus in immunized and control heifers. Journal of Parasitology 82:594-600.
83. Mutwiri G. K., and L. B. Corbeil. 1998. Genital and systemic immune responses in
a murine model of Tritrichomonas foetus infection. J. of Parasitology. 84: 321-327.
84. Corbeil, L. B., J. L. Hodgson, D. W. Jones, R R Corbeil, P. R Widders and L.
R Stephens. 1989. Adherence of Tritrichomonasfoetus to bovine vaginal epithelial
cells, frif. Immun. 57:2158-2165.
85. Burgess, D. E., K. F. Knoblock, T. Daugherty and N. P. Robertson. 1990.
Cytotoxic and hemolytic effects of Tritrichomonasfoetus on mammalian cells. Tnf
Immun. 58:3627-3632
86. Singh, B. H., J. J. Lucas, D. H. Beach, S. T. Shin and R O. Gilbert. 1999.
Adhesion of Tritrichomonasfcetus to bovine vaginal epithelial cells. Inf. Immun.
67:3847-3854.
87. Burgess, D. E. 1986. Tritrichomonasfoetus-. Preparation of monoclonal antibodies
with effector function. Exp. Parasitol. 62:266-274.
88. Burgess, D.E., and C. M. McDonald. 1992. Analysis of adhesion and cytotoxicity
of Tritrichomonasfoetus to mammalian cells by use of monoclonal antibodies. Tnf
Immun. 60:4253-4259.
89. Granger, B E., S. J. Warwood. 1996. Rapid internalization and degradation of
surface-bound antibodies by Tritrichomonas foetus. Journal of Parasitology. 82: 539-549.

90. Rhyan, J. C., K. L. Wilson, D. E. Burgess, L. L. Stackhouse and W. J. Quinn.
1995. Immunohistochemical detection of Tritrichomonasfoetus in formalin-fixed,
paraffin-embedded sections of bovine placenta and fetal lung. J. Vet.Diag. Invest. 7:98101 .

91. Aydintug, M. K , P. R Widders and R W. Leid 1993. Bovine
polymorphonuclear leukocyte killing of Tritrichomonasfoetus. Inf. Immun. 61:29953002.
92. Granger B.L., S.J. Warwood, N. Hayai, H. Hayashi, and M. Owhashi 1997.
Identification of a neutrophil chemotactic factor from Tritrichomonas foetus as
superoxide dismutase. Molecular and Biochemical Parasitology. 89: 85-95.
93. Raghupathy, R 1997. T hl-type immunity is incompatible with successful
pregnancy. Immunology Today. 18: 478-482.

40

APPENDICES

41

APPENDIX A

PURIFICATION AND EXPRESSION OF THE TF190 ADHESIN IN
TRITRICHOMONAS FOETUS
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Introduction
Adhesion is an important component of the mechanism of pathogenesis used by
many microorganisms. Some pathogens use adhesion to attach to host cells, which
allows a critical number of progeny to generate and establish infection (I). Others use
adhesion to up-regulate virulence factors to aid in invasion of host tissues (2). Adhesins
are also conserved among species (3). This is probably due to the fact that many
different species of pathogens utilize relatively invariant host cell receptors. Adhesins
make good candidates for vaccines since memory to an adhesin could generate anti
adhesion antibodies, thus preventing colonization of host tissues.
There is evidence that the abortifacient (4), extracellular parasitic protozoan.
Tritrichomonasfoetus, uses adhesins to attach to the mucosal layers in the reproductive
tract of cattle. In vitro studies have shown that it adheres to mammalian host cells,
including bovine vaginal epithelial cells (5, 6), and causes cytotoxicity by a contact
dependent mechanism (7, 8). These observations suggest that adherence to, and
destruction of, host cells may be a mechanism of pathogenesis and an important
mechanism that allows the organism to acquire the necessary precursors (e.g., purines
and pyrimidines).
It was previously shown that monoclonal antibodies (MAbs) that react with a 190kDa surface structure of T. foetus, termed Tfl 90, inhibited the adhesion and killing of
mammalian host cells (8). These results suggested Tfl 90 was an immunogenic adhesin
and a good candidate for targeted immune responses that could potentially protect against

the pathogenic effects of trichomoniasis through elicitation of antibodies that could block
parasite adhesion to host cells.
In this study we used immunoaffmity chromatography to purify Tfl 90 from T
foetus. Analysis by gel electrophoresis of purified Tfl 90 under reducing conditions,
followed by silver staining revealed three components of Tfl90 of which only two, the
140-kDa and the 60-fcDa bands, were immunogenic. Adhesion-blocking MAbs to Tfl 90
revealed epitopes that were sensitive to periodate treatment, indicating the presence of
carbohydrates in functional regions of the adhesin. Further analyses of the structure by
high-performance liquid chromatography and gas-liquid chromatography demonstrated
the presence of the monosaccharides and lipids known to be prominent constituents of the
Iipophosphoglycan (LPG) of T. foetus (9). Analysis of different isolates of T foetus
revealed that Tfl 90 was present on all isolates but that not all epitopes were present on
every isolate. These results demonstrate the first biochemical characterization of an
antigen of T foetus with a known function.

Materials and Methods
Parasites and Whole parasite antigen:
A high passage clone MT85-330.1 originally isolated in Montana inl985, two
Missouri strains (kindly provided by Reuel Hook); MU-Y-32, MU-BQM-3948 (BQM),
and a 1954 Maryland isolate (BP-4) (ATTC 300003, American Type Culture Collection,
Rockville, MD) were maintained in vitro at 37°C using Diamonds medium (10) without

agar containing 5% donor calf serum (Atlanta Biologicals, Atlanta GA). Whole parasite
antigen was prepared as follows. T. foetus were washed twice with ice-cold phosphatebuffered saline (PBS), pH 7.2, by centrifugation (400 x g, lOmin) and then extracted by
resuspension for 30 min at IO8 parasites/ml in 10 volumes of ice-cold extraction buffer
(50 mM Tris [pH 8], 100 mM NaCl, 100 juM leupeptin, 10 pM E-64, 5 mM EDTA, 0.5%
Nonidet P-40 [NP-40]). Extracts were centrifuged (13,000 x g, 5 min) to remove cellular
debris, and the supernatants were filtered (0.45-pM-pore-size filter).

Purification of Tfl 90:
To prepare purified T fl90, filtered supernatants were subjected to affinity
chromatography with a MAb-protein G-Sepharose column. MAb 32.3B3.5 (ammonium
sulfate purified culture supernatant) was bound to protein G-Sepharose (Pharmacia
Biotech) and cross-linked with dimethylpimelimidate by standard methods (11). Whole
parasite extracts were then mixed with affinity matrix by gentle rocking overnight; the
matrix was poured into syringe column and washed first with 10 bed volumes of 50 mM
Tris, pH 8.0, then with 10 volumes of 10 mM phosphate, pH 6.8, and finally with 5
volumes of 100 mM glycine, pH 2.7 all containing 0.5% NP-40. Chromatographic
fractions were tested for antigen presence by a dot immunobinding assay (DIA) or
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
Western blotting and probing with MAbs or bovine serum.
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Carbohydrate and Lipid Analysis
Presence of glycoproteins was monitored by periodic acid Schiff staining of
glycoproteins. SDS-PAGE (10%T) gels were fixed in 25% isopropanol/10% acetic acid
(I hr) and then soaked in 7.5% acetic acid for 30 min. Gels were oxidized with 1%
periodic acid for 2 hr and washed in 15% acetic acid (4 times for 15 min each time). Gels
were then stained in the dark with SchiffReagent (Sigma, St. Louis, MO) at 4°C for 2 hr,
and destained with 7% acetic acid (3 times/overnight).
HPLC was used to analyze the carbohydrate composition of T fl90. Affinitypurified T fl90 was treated with 2.5 N trifluoro-acetic acid at IOO0C for 3.5 hr, dried
under a stream of nitrogen with the addition of isopropanol, and desalted on a C18 SepPak column (Waters Chromatography). The hydrolysate was subjected to anion
exchange chromatography on a CarboPac PAl column by using 15 mM NaOH as the
eluent on a Dionex HPLC equipped with a pulse amperometric detector (9).
Fatty acid analysis of affinity-purified Tfl 90 was done as follows. Dried Tfl 90
(«20 pg) was hydrolyzed with I M anhydrous methanolic HCL, and the reaction mixture
was heated at 75°C for 16 hr under nitrogen, cooled, and extracted with methylene
chloride as described previously (12). The lower organic phase was dried under nitrogen,
and an aliquot was subjected to GLC analysis. The same method was used to identify
fatty acid in LPG from T. foetus. Additional analysis was done by phosphoinositolspecific phospholipase C (PI-PLC) digestion of T fl90. Approximately 25 pg of Tfl90
was treated with 0.8 U of PI-PLC from Bacillus thuringiensis (Oxford Glyco Systems)
for 18 hr at 37°C. The reaction was stopped by the addition of benzene/ethanol (1:1), and
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the sample was dried under nitrogen. The mixture was dissolved in aqueous solvent
containing 0.8 M sodium acetate and subjected to Cig Sep-Pak (Waters Chromatography)
chromatography as suggested by the manufacturer. Briefly, the Cig Sep-Pak column
containing the reaction mixture was washed with 30 ml of water, and the lipid moiety
was eluted with I ml of methanol followed by 5 ml of methanol/chloroform ( I :I). The
organic solvent mixture containing the lipid product was dried and further subjected to
methanolic HCL hydrolysis as previously described (12). The hydrolysate was dried and
purified on a Biosil-A column, and the fatty acid methyl esters eluted with chloroform
were identified by GLC. The same method used to identify the lipid moiety in LPG from
T. foetus.

Cattle Immunizations:
To assess the immunogenicity of Tfl 90 in cattle, two adult cows were inoculated
subcutaneously in multiple injection sites with a total of 100 pg of T fl90 in alum per
animal. Animals were boosted on days 56 and 169. Primary analysis was done after the
initial immunization arid booster. Control animals either received alum only or no
injections.

Western blots and antibody reactions:
Whole parasite extracts and affinity purified T fl90 were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (13). Some gels were
stained with silver stain (Silver Express; Invitrogen, Carlsbad, CA) according to the

manufacturer’s protocol. Gels were electroblotted (14) and probed with antibodies or
treated with periodate followed by reaction with antibodies. For periodate treatment,
blots were soaked in 50 mM acetate buffer, pH 4.5, for 5 min and then treated with
acetate buffer containing 20 mM sodium periodate in the dark for I hr. Blots were then
rinsed twice in acetate buffer for 10 min and once more for 5 min and were treated with
.15 M NaCl containing (1% wt/vol) glycine for 30 min. Control blots were treated
identically except that no periodate was used. After treatment, the blots were rinsed in
distilled water and probed with antibodies (MAbs and polyvalent anti-Tfl90 rabbit sera)
as previously described (15), by reaction with the desired dilutions of primary Mabs, or
polyvalent sera (rabbit) in a 5% (wt/vol) powdered milk-PBS buffer solution (Blotto)
overnight. Blots were developed with horseradish peroxidase (HRP)-Iabeled goat anti
mouse, (I pg/ml, I hr) (ICN Pharmaceuticals, Costa Mesa, CA) or HRP-Iabeled goat
anti-rabbit (Cappel Laboratories, Malvern, PA) and TMB membrane substrate
(Kikegaard and Perry Laboratories, Gaithersburg, MD). Additional Western blots were
probed with pre-immune and immune bovine sera (1:50, overnight) followed by mouse
anti-bovine IgGi (2 pg/ml, 3 hr) (heavy chain specific; VMRD, Pullman, WA) and
developed with anti-mouse HRP labeled secondary (I pg/ml, I hr) and TMB membrane
substrate as described above.

Flow cvtometrv:
Polyvalent rabbit anti-Tfl90 was prepared by immunizing rabbits with affinity
purified Tfl 90. Flow cytometry analysis of the rabbit anti-Tfl90 was done with four
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strains of T. foetus'. 330. l,Y-32,BQM,and BP-4. Live parasites were treated with the
desired dilution of either anti-Z foetus MAbs or rabbit anti-Tfl90 serum in PBS on ice as
described previously, (Burgess 1986, Burgess and McDonald 1992). The binding of
MAbs or rabbit anti-Tfl90 was detected with fluorescein-conjugated anti-mouse
immunoglobulin G (IgG) or fluorescein-conjugated goat anti-rabbit IgG (Cappel
Laboratories, Malvern, PA), respectively, by using a FACScan instrument (Becton
Dickinson, Mountain View, CA).

Results

Composition of Tfl 90:
To examine the composition of Tfl 90, the complex was purified by
immunoaffmity chromatography and subjected to HPLC analysis. HPLC analysis of
Tfl90 indicated the presence of fucose, galactosamine, glucosamine, galactose, glucose,
and mannose (Fig. I A). These are the 6 principle monosaccharides previously shown to
be present in the LPG of T. foetus (9). The pattern of silver-stained gels illustrated two
major subunits of T fl90, which were present at approximately 140 and 50 kDa, as well as
a component of about 20 kDa (Fig. IB).

49

A

B

PAD
Response
[mA]

5

10

15

20

Time [min]
Fig I: Purified T fl90 contains carbohydrate structures. (A) HPLC chromatogram of
affinity-purified T fl90. Peaks: I, fucose; 2, galactosamine; 3, glucosamine; 4, galactose;
5, glucose; 6 mannose. (B) Silver staining pattern of affinity-purified Tfl 90 after SDSPAGE Tfl 90 was electrophoresed on a 10% T gel. PAD, pulse amperometric detector.
STD, sugar standards.

GLC analysis of fatty acid methyl esters showed palmitic (45%) and stearic (44%)
acids to be the major fatty acids of native Tfl 90 antigen obtained after acid methanolysis
of native Tfl 90 antigen and the lipid product(s) derived from PI-PLC treated Tfl 90

antigen (Fig. 2). Palmitic and stearic acids are also the major fatty acids found in the
LPG of T. foetus (Fig. 2).
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Fig 2: Purified T fl90 and LPG have similar fatty acid residues. Affinity purified Tfl90
was subjected to acid hydrolysis (Tfl90) or PI-PLC digestion prior to acid hydrolysis (PIPLC Tfl 90). Biochemically purified LPG from T. foetus was saponifiedprior to analysis
(LPG), and samples were compared to fatty acid standards (Standards). Samples were
methylated and subjected to GLC Letters indicate fatty acid chain sizes: A, 14:0; B,
16:0; C, 16:1; D, 18:0, E; 18:1. A peak due to deoxycholate in the panel PI-PLC Tfl90
sample is indicated by an arrow.
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Immunogenicitv of Tfl 90:
Results of DIA experiments in which sera from animals immunized with affinitypurified Tfl 90 were tested on dot blots indicated that Tfl 90 was immunogenic (data not
shown). These sera reacted specifically with Tfl 90 when used to probe Western blots of
whole-parasite antigens separated by SDS-PAGE (Fig. 3).
The epitopes recognized by the polyvalent bovine and by anti-Tfl90 MAbs
appeared to contain carbohydrate determinants. As illustrated in Fig. 3 periodate
treatment destroyed the epitopes recognized by 32.3B3.5, (Fig. 3B compare lane I to lane
2). This was also demonstrated with the polyvalent bovine serum from animals
immunized with Tfl 90 (Fig. 3B compare lane 3 to lane 4). Reactions of Tfl 90 specific
MAbs 32.3B3.3 and 32.8D3.2 were also ablated by treatment of the blot with periodate
(data not shown).

Expression of T fl90:
Results of flow cytometry analysis confirmed the epitope variation detected by
Western blotting using MAbs (data not shown). MAb 32.3B3.5 reacted with a
subpopulation of homologous strain Tf330.1 and heterologous strain Y-32 (Fig. 4D and
E). It did not react with the heterologous strain BQM (Fig. 5F). Polyvalent rabbit
antiserum reacted with all strains tested. These results suggest that although all strains
tested had reactivity towards some epitopes on Tfl 90, not all parasite strains share all
epitopes.
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Fig 3: Antibodies from animals immunized with purified Tfl 90 recognize heterodimeric
periodate-sensitive structures on this antigen. (A) Western blot analysis of T. foetus
whole-cell extract with HRP-anti-rabbit IgG plus preimmune primary antibody (lane 3).
(B) Western blot analysis of T. foetus whole-cell extract reacted with ascitic fluid of
MAb 32.3B3.5 (lanes I and 2) or bovine anti-Tfl90 serum (lanes 3 and 4) treated with
periodate (lanes I and 3) or acetate buffer (lanes 2 and 4). Molecular sizes in thousands
are indicated by the numbers to the right of each panel.
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Fig 4: Flow cytometry analysis of live T. foetus cells indicates differences in expression
levels of T fl90 and Tfl 90 epitopes among isolates of T. foetus. T. foetus isolates 330.1
(A, D, and G), Y-32 (B, E, and H), and BQM (C, F, and I) were probed with fluoresceinconjugated anti-mouse IgG (A to C), 32.3B3.5 plus fluorescein-conjugated anti-mouse
IgG (D to F), or rabbit anti-Tfl 90 plus fluorescein-conjugated anti-rabbit IgG (G to I).
The vertical line on each x axis indicates the 1.9 X IO1relative fluorescence intensity that
95% or more of control cells (parasites plus conjugate) fell below. Data in each panel are
based on an analysis of 10,000 events.

Discussion

The immunogenic adhesin Tfl 90 has been purified by affinity chromatography.
Biochemical analysis revealed carbohydrate constituents of Tfl 90 include mannose,
fucose, glucosamine, glucose, galactosamine, and galactose, consistent with the six
principle monosaccharides known to be in the LPG of T. foetus (9). In addition, the
major lipid components of Tfl90, palmitic and stearic acid, are also the major lipids of 7!
foetus LPG (9). It should be recognized, however, that the proportion of
monosaccharides in Tfl 90 is slightly different from the biochemically purified LPG of L
foetus. Nonetheless, these results suggest striking similarities between the carbohydrate
component of the Tfl 90 adhesin arid T foetus LPG.
LPG is an interesting molecule in that it is maintained in several protozoa genera,
including Leishmania sp. and Entamoeba histolytica (E histolytica). The LPG of
promastigotes ofZ. donovani is believed to function in parasite adhesion to macrophages
(17). In E. histolytica, a single dose of an anti-L. histolytica LPG MAb conferred
protection from amebic liver abscess in 11/12 SCID mice (18). LPG may function in the
adhesion of T. foetus to mammalian cells as evidenced by the fact that the MAb used for
T fl90 purification (32.3B3.5) has been shown to inhibit parasite adhesion (8). In
addition, the observed destruction of determinants on Tfl 90 that bound MAb 32.3B3.5
suggests that epitopes on the LPG-Iike structure are rather immunogenic.
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The multimeric structure of Tfl 90, first demonstrated by immunoprecipitation
and Western blotting (8), was confirmed by the silver staining patterns on SDS-PAGE
gels of affinity purified Tfl 90 under reducing conditions. In addition to the highly
immunogenic 140 and 60-kDa bands, a low molecular band was often evident in gels of
Tfl 90 stained with silver stain. The presence of the low molecular weight band, which is
not recognized by anti-Tfl90 MAbs or polyvalent antibodies from rabbits or cattle
immunized with Tfl 90 prepared by the same affinity chromatography method, may
indicate proteolytic degradation during cell disruption since this parasite is known to have
multiple proteases, particularly cysteine proteinases (19). Another source of the smaller
band could be portions of the side chains of the LPG of Tfl 90 that may have been
partially degraded by endogenous hydrolases during purification. The untreated
glycoconjugate of Leishmcmia donovcmi promastigotes contains LPG that is greater than
150 kDa but that shifts t o l l kDa after mild acid treatment to remove the LPG component
(20). Additional structural heterogeneity of the LPGs of Leishmcmia spp. is due to
differences in the LPG side chain carbohydrate composition (17), which could also be
present in the LPG of T. foetus. Alternatively, this band may be present in undegraded
Tfl 90 but may simply not be immunogenic.
Although cattle produce immune responses to T. foetus (4), and some protection
against infection is afforded by immunization, the mechanism of protection is not
understood. The effects of antibody responses on possible virulence mechanisms, such as
parasite adhesion to host tissues are not known. Therefore, it will be important to
determine the precise roles of the LPG and peptide components of the Tfl90 complex in

the adhesion of T foetus to host tissues and to determine whether the immune responses
to this surface structure are indeed protective.

57

References
1. Beachey E. H., 1981. Bacterial adherence: adhesin-receptor interactions mediating
the attachment of bacteria to mucosal surface. Journal of Infectious Disease. 143: 325345.
2. Finlay B. and S. Falkow. 1989. Common themes in microbial pathogenicity.
Microbiological Review 53: 210-230.
3. Abraham, S. N., D. Sun, J. B. Dale, E. H. Beachey. 1988. Conservation of the Dmannose-adhesion protein among type I fimbriated members of the family
Enterobacteriacaea. Nature. 682-684.
4. Bondurant, R H. and B.M. Honigberg. 1994. Trichomonads of veterinary
importance. Parasitic Protozoa. 9:111-188.
5. Corbeil, L. B., J. L. Hodgson, D. W. Jones, R R Corbeil, P. R Widders and L.
R Stephens. 1989. Adherence of Tritrichomonasfoetus to bovine vaginal epithelial
cells. Inf. Immun. 57:2158-2165.
6. Singh, B. H., J. J. Lucas, D. H. Beach, S. T. Shin and R O. Gilbert. 1999.
Adhesion of Tritrichomonasfoetus to bovine vaginal epithelial cells. Inf. Immun.
67:3847-3854
7. Burgess, D. E., K. F. Knoblock, T. Daugherty and N. P. Robertson. 1990.
Cytotoxic and hemolytic effects of Tritrichomonasfoetus on mammalian cells. Inf.
Immun. 58:3627-3632
8. Burgess, D.E., and C. M. McDonald. 1992. Analysis of adhesion and cytotoxicity of
Tritrichomonasfoetus to mammalian cells by use of monoclonal antibodies. Inf. Immun.
60:4253-4259.
9. Singh, B. N., 1993. Lipophosphoglycan-Iike glycoconjugate of Tritrichomonasfoetus
and Trichomonas vaginalis. Molecular and Biochemical Parasitology. 57: 281-294.
10. Diamond, L.S., 1957. The Establishment of Various Trichomonads of Animals and
Man in Axenic Cultures. Journal of Parasitology. 43: 488-490.
11. Harlow, E. and D. Lane (ed.). 1988. Antibodies: a laboratory manual p. 521-523 .
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
12. Singh B. N., D. H. Beach, D. G. Lindmark, and C.E. Costella. 1994.
Identification of the lipid moiety and further characterization of the novel

58

lipophosphglycan-like conjugates of Trichomonas vaginalis and Tritrichomonasfoetus.
Archives of Biochemistry and Biophysics. 309: 273-280.
13. Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 227: 680-685.
14. Towbin, H., T Straehilin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose: procedure and some applications.
Proceedings of the National Acadamey of Science USA 76: 4350-4350.
15. Burgess, D. E. 1986. Tritrichomonasfoetus: Preparation of monoclonal antibodies
with effector function. Exp. Parasitol. 62:266-274.
16. Burgess, D.E. 1988. Clonal and geographic distribution of a surface antigen of
Tritrichomonasfoetus. Journal of Protozoology. 35: 119-122.
17. Turco, S. J., and A. Descoteaux 1992. The IipophosphOglycan of Leishmania
parasites. Annual Review of Microbiology. 46: 65-94.
18. Marinets, A., T. Zhang, N. Guillen, P. Gounon, B. Bohle, U. Vollmann, O.
Scheiner, G. Wiedermann, S. Stanley, and M. Duchene. 1997. Protection against
invasive amebiasis by a single monoclonal antibody directed against a lipophosphoglycan
antigen localized on the surface of Entamoeba histolytica. Journal of Experimental
Medicine. 186: 1557-1565;
19. Lockwood, B. C., M. J. North, K.I. Scott, A. F. Bremer, and G. H. Coombs.
1987. The use of a highly sensitive electrophoretic method to compare proteinases of
trichomonads. Molecular Biochemistry and Parasitology. 24: 89-95.
20. Jardim, A., V. Funk, R M. Caprioli, and R W. Olafson. 1995. Isolation and
structural characterization of the Leishmania donovani kinectoplastid membrane protein11, a major immunoreactive membrane glycoprotein. Biochemistry Journal. 305: 307313.

APPENDIX B

ANTIGEN SPECIFIC T-CELL RESPONSES IN CATTLE IMMUNIZED WITH
ANTIGENS OF TRITRICHOMONASFOETUS

60

Introduction
Infection of cattle with the sexually transmitted parasite Tritrichomonasfoetus
results in the disease trichomoniasis, which is variable in outcome in the pregnant cow.
Infection in some animals may be asymptomatic, whereas it leads to abortions of the
fetus in others, primarily in the first trimester, but occasionally as late as 8 or 9 mo of
gestation (I). Infections apparently often self-cure, presumably due to acquired
immunity that develops as a result of infection. However, reinfection is common, and it
is unclear how acquired (or innate) immunity may cause elimination of parasites.
Acquired immunity, as defined by increased resistance to infection, has been
demonstrated to result from parenteral immunization with various parasite antigens (2, 3,
4). Since both immunization and infection result in parasite-specific antibody responses
systemically, and in antibody secretions of the reproductive tract (4,5), this antibody
response presumably is important in the mechanism of protection. Indeed, T foetus has
been shown to be able to adhere to host cells (6) leading to killing by a contact-dependent
mechanism (7), although parasite-specific antibody inhibits adhesion and killing (6,8).
The target of antibodies that inhibit parasite-mediated cytotoxicity is a 190,000 MW
surface antigen, termed T fl90 (8). It contains a large lipophosphoglycan-like structure in
which inhibitory epitopes reside (9). This antibody response could be protective by
blocking parasite-mediated cytotoxicity, a likely mechanism of host tissue damage.
Although antibodies may be important in protective immunity, the requirements
for their induction are not understood, and the cellular components involved in antibody
induction have not been investigated.

Since acquired immune responses to most
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microbial pathogens are controlled by lymphocyte subsets such as CD4+ or CD8+ T cells,
which are helper/inflammatory or cytotoxic in function, respectively, the current study
examined induction of immunity to T. foetus by examining induction and expression of T
cell responses in cattle immunized with antigens of T. foetus. The results presented here
indicate that immunization with antigens of T. foetus can induce antigen-specific T cell
responses. In addition, immunization with Tfl 90 adhesin results in priming of CD4+ T
cells that respond to antigen challenge by upregulating expression of IFNy. These results
also suggest that immunization with T. foetus antigens primes T cell responses in cattle
that can lead to cell-mediated effector functions, in particular, macrophage activation.

Materials and Methods

Parasites and antigens:
A clone, MT85-330.1 (Tf330.1), from a Montana strain of T. foetus originally
isolated in 1985 and an isolate obtained from a 1997 outbreak in Montana, TFC-5-1, were
maintained in vitro at 37 C using Diamond’s medium containing 5% fetal bovine serum.
Whole parasite antigens were prepared by 2 methods. For parasite extracts, parasites
were centrifuged (400 g, 5 min), washed in PBS (10 mM sodium phosphate, 150 mM
NaCl pH 7.2), and extracted at I x IO8 parasites/ml in ice cold extraction buffer (50 mM
Tris pH 8, IOOmMNaCl containing 5 mM ethylenediaminetetraacetic acid, 1% M-OctylP-D-glucopyranoside, 100 pM leupeptin, and 10 pMtrans-Epoxysuccinyl-l leucylamido-[4-guanidino] butane; Sigma Chemical Co., St Louis, Missouri). The
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suspension was held on ice for 30 min, cellular debris was pelleted (1,000 g for 30 min)
and the supernatant was stored at -20 C. For frozen-thawed preparations I x IO8 T
foetus/ml were washed in sterile PBS and frozen then thawed (-80 C, 37 C, 5 min each)
for 4 cycles. Protein yields were determined by the BCA protein assay (Pierce
Chemicals, Rockford, Illinois).
Tfl 90 antigen was obtained as previously described (9). Briefly, whole parasite
extract was subjected to affinity chromatography with Tfl90-specific monoclonal
antibody, 32.3B3.5 crosslinked with dimethylpimelimidate to protein G Sepharose
(Pharmacia Biotech, Piscataway, New Jersey) and Tfl 90 was eluted with 100 mM
glycine, pH 2.7, containing 0.5% NP-40. Eluted fractions were pooled and concentrated
by ultrafiltration (IOK MW cutoff; Daigger and Co. INC., Lincolnshire, Illinois) to yield
approximately 100 pg/ml of protein.
Ultraviolet irradiated parasite antigen (UV antigen) was prepared as follows.

.

Parasites were pelleted at (400 g for 5 min) and re-suspended at I x IO6 parasites/ml in
complete RPMI (RPM I1640, 2 mM L-glutamine, and 25 pg/ml gentamicin sulfate
containing 10% fetal bovine serum). Two-hundred pi of this parasite suspension was
placed in each well of a 24-well plate positioned 4" from a germicidal lamp (30W;
G30T8, Osram Sylvania, Danvers, Massachusetts ) and irradiated for 20-25 min.
Ablation of growth after irradiation was confirmed by incubation in complete RPM I1640
overnight, followed by examination via phase contrast microscopy for motile parasites.

63

Cattle and immunizations:
For experiments with parasite extracts, 2 adult cows were injected subcutaneously
in multiple injection sites with a total of 5.5 mg of protein per dose in aluminum
hydroxide adjuvant (alum) on day 0. These animals were boosted twice on day 69 and
311 in the same manner. Two adult steers were immunized similarly with a frozenthawed parasite preparation (I x IO8 T. foetus!nA, sterile PBS).
For Tfl 90 immunizations two adult cows were inoculated subcutaneously in
multiple injection sites with a total of 100 pg of T fl90 in alum per animal. Animals were
boosted on days 56 and 169. Primary analysis was done after the initial immunization
and booster. Two control animals either received alum only or no injections.

Assessment of T cell responses:
Peripheral blood mononuclear cells (TPBMC) from experimental cattle were
isolated by centrifugation on ficoll-diatrizoate gradients (Histopaque 1077, Sigma),
resuspended in complete RPM I1640, plated at I x IO6 ZmFwell in 24-well culture plates
(Falcon 3847, Becton Dickinson, Bedford Massachusetts) at 37 C with 5% CO2 . Long
term cultures (>6 days) of PBMC were maintained by alternating parasite antigen
stimulation with either EL-2 supernatants (from Concanavalin A stimulated bovine PBMC
collected on day 4), or recombinant human IL-2, (rh -TL-2 #136 NIH AIDS Reagent
Program, Rockville, Maryland; Lahn and Stein, 1985).
Derivation of bovine T cell lines, and clones: T cell lines were established from
long-term PBMC cultures from immunized steers, and maintained in culture for 35 days
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by alternating weekly stimulation by addition of ffeeze-thaw antigen or 25% (vol/vol)
Con A-PBMC supernatants or rh-IL-2. T cell clones were derived by limiting dilution
and maintained by the same procedures as T cell lines.
Proliferation assays: T cell lines and clones were cultured in the presence of
ffozen-thawed antigen, ovalbumin, or ConA in 96-well microtiter plates. PBMC from
Tfl 90 immunized animals were cultured with Tfl 90 for 5 days. Cultures were pulsed for
the last 16 hr of culture with [3H]-thymidine (IpCi/well) and harvested onto glass fiber
filters. Mean CPM from triplicate cultures were determined by liquid scintillation
counting and stimulation index (10) was calculated using the following formula:
Stimulation Index = mean cpm of stimulated cultures/mean cpm of unstimulated cultures
Where noted CPM data was analyzed by ANOVA and Tukey’s comparison of means
with significance determined at p < .05 (Prism V. 3, Graph Pad, San Diego, CA).
T cell phenotype analysis: Surface phenotypes of PBMC were analyzed by flow
cytometry (FACScaliber, Becton Dickinson, Mountain View, California) with the
following bovine T cell specific monoclonal antibodies (MAbs): CC42 (anti-CD2), CC30
(anti-CD4), CC58 (anti-CD8), (11) and GD3.8 (anti-yS) (12), and GD6.10 (antiCD45RO) (M. Jutila pers. comm.). PBMC were treated with MAbs at a final
concentration of 0.5 pg / 200 pi and incubated for 30 min. on ice, followed by treatment
with phycoerythrin-conjugated goat anti-mouse IgG (Jackson ImmunoResearch, West
Grove, Pennsylvania:) at 1:500 dilution 30 min on ice.

IFNy assays:
Reverse transcriptase polymerase chain reaction (RT-PCR) was used to determine
the presence of mRNA for IFNy in PBMC. PBMC from immunized and control cattle
were isolated and cultured in the presence or absence of UV antigen for 2,4, and 6 days.
Whole cell RNAwas isolated (Purescript, Centra Systems Inc., Minneapolis, Minnesota),
and I p,g of total RNA was converted to first strand cDNA at 37 C for I hour using a 50 pi
RT mix containing 200 U Moloney leukemia virus RT (M-MLV, Promegai Madison,
Wisconsin), 10% RT buffer, I pg oligo-dt, and 200 nM each of dNTPs (Stratagene, La
Jolla, California ). Template cDNA was then subjected to PCR in a 20 pi reaction mix
employing intron-spanning primers for bovine IFNy previously described by Covert and
Splitter (13): 5’: CTGTGGGCTTTTGGGTTTTTCTG, 3’:
CTCTTCCGCTTTCTGAGGTTAGA (product size 426 bases). The message for y actin
was detected using published primers (14): 5’: ACCAACTGGGACGACATGGA, 3’:
GAGCTTCTCCTTGATGTCAC (product size 420 bases). The reaction mix contained 4
mM dNTPs, 0.625 mM MgCl, 0.1 nmoles primers, and I UTaq (Promega, Fisher,
Pittsburgh Pennsylvania) following a hot -start procedure: 5 min 94 C, followed by 35
cycles 30 sec denaturation at 94 C, 30 sec annealing at 56 C, 30 sec extension at 72 C and a
final extension at 72 C for 5 minutes (Stratagene Robocycler 40 PCR). Products were
analyzed on a 1.5% agarose gel containing 12.5 ng of ethidium bromide/ml followed by
digital image analysis (IS-1000, Alpha Lmotech Corp. San Leandro, California). Southern
blot detection of IFNy was employed to confirm that the amplified PCR product was from
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message rather than genomic DNA sequences (15). PBMC from TFl90 immunized animal
were cultured with UV antigen and RT-PCR was performed using Lt7Ny and y actin
primers. After electrophoresis and analysis as above, the gel was treated with 0.25M HCL,
followed by IM NaCl/0.5 M NaOH and neutralized with 1.5 M NaCl/0.5M Tris, pH 7.4.
Southern transfer was performed on nitrocellulose (NC) and after 24 hr the NC was rinsed
in 2X SSC and UV crosslinked. The NC was prehybridized (42C, 15 min) in hybridization
buffer (5X SSPE, IX Denhardf s, 45% formamide, 150 pg/ml salmon sperm DNA, 10%
dextran sulfate). The NC was then probed with a biotinylated IFNy specific
oligonucleotide (GAAGAATTCKjAAAGATGAAA-b); based on residues of bovine IFNy
GENEBANK entry M29867) for 20 hr at 42 C. After probing, NC was washed (IX
SSPE/. I % SDS 42°C, .16X SSC/.1% SDS 50°C), blocked with BLOTTO (5% milk in
PBS), and probed with strep-avidin-HRP substrate. Signal was detected with ChemiGLO,
(KPL, Gaithersburg, Maryland) and the image was recorded on X-ray film.

IFNv ELISA:
IFNy protein was detected by an ELISA using recombinant bovine IFNy (rbIFNy)
as a standard. This reagent was generated by placing cDNA for bovine IFNy into an E.
!

coli histag expression system. Gel purified rbIFNy was used to immunize a rabbit to
obtain an antibody to rbIFNy. This antibody was affinity-purified from a bIFNy affinity
matrix and a portion was biotinylated. The anti- bIFNy was coated onto microtiter wills’
to capture rbIFNy and was detected with the biotinylated anti- rbIFNy and HRPconjugated goat anti-biotin antibody (Vector, Burlingame, CA).
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Intracellular detection of IFNy:
Cryopfeserved PBMC from Tfl90 primed and control animals, were removed
from liquid nitrogen and cultured for 4 days (20% RPMI + 4U/ml recombinant human
IL-2, #136, AIDS Reagent Program, MH, MAID; Lahn and Stein, 1985) prior to
beginning the assay. The intracellular IFNy assay was adapted from a standard protocol
(16). Briefly, PBMC from primed and control animals were stimulated with UV antigen
(I x IO5) for 3 days after which brefeldin A (BFA) (Sigma) was added at 10 pg/ml (final
concentration) and incubated with the PBMC for 16 hr. Additional wells that received I
|iM ionomycin [Sigma] + 20 ng phorbol myristate acetate [PMA] [Sigma]+ BFA served
as positive controls. Cells were pelleted (400 g, for 5 min), resuspended and fixed in 4%
paraformeldahyde (5 min), washed (PBS 400g 5 min), and permeabilized with PBS
containing 0.1% saponin (Sigma; PBS-S) for 30 min. PBMC were then pelleted (400 g
for 5 min) and stained with 0.5 pg of the bovine IFNy- specific MAb IFN-2 (17). After
30 min the samples were washed and phycoerythrin (PE)-Iabeled secondary reagent (goat
anti-mouse IgG, heavy chain specific; Jackson, ImmunoResearch, West Grove, PA) in
PBS-S was added (1:250) and incubated for 30 min. Samples were washed and analyzed
by flow cytometry.

Effect of adherent PBMC on parasitic growth:
PBMC were isolated from the blood of non-immunized cows and plated for 2 hr
to allow adherence. The monolayers were washed, and adherent cells were removed with
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a rubber policeman. Adherent PBMC were plated at 2 x IO5Zwell, incubated for 24 hr and
the following activators were added: 50 ng of LPS and either rbDFNy, IFNy+ supernatants
(as determined by bovine IFNy specific ELISA) from Tfl 90 primed PBMC after re
exposure to UV antigen for 6 days, or, medium as a control. Twenty-four hours later
2x104 T. foetus were added to each well, and parasites were then counted by
hemacytometer after further incubation. Data as shown are means ± SD of 3 wells per
treatment and counts in each treatment group were analyzed by ANOVA and NeumanKeuls analysis with significance determined at p < 0.05 (Prism V. 3, Graph Pad, San
Diego, CA).

Results

Proliferation assays:
PBMC from cattle immunized with frozen-thawed T foetus displayed antigenspecific anamnestic responses as evidenced by increases in proliferation after
immunization compared to proliferation before immunization (Fig. I). T-cell lines and
clones derived from these animals responded to restimulation in vitro with frozen-thawed
antigen of T. foetus. Antigen-specific responses to frozen thawed T. foetus were 25-to
82-fold greater than the responses of the same cells exposed to the heterologous antigen,
ovalbumin (Fig. 1C). PBMC also proliferated in response to ConA (data not shown).
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Figure I. Proliferation of whole extract primed bovine PBMC in response to whole cell
antigens of Tritrichomonasfoetus. Responses of PBMC of animal 289 prior to
immunization (A.) and after immunization (B.) with whole cell extracts. PBMC were
isolated and cultured with the indicated amounts of extract [cell equivalents of frozenthawed T. foetus]. Cultures were pulsed (16 hr) with [3H]-thymidine and harvested on
days 4 (-O-), day 5 (-A-) and day 6 (-O-) of culture. (C) T-cell lines (B2, 289) and
clones (G5, H l I) were established from PBMC of two immunized steers and exposed to
Tfoetus frozen thawed antigen (Tfag), concanavalin A (Con A), or ovalbumin (OVA)
and rested 6 days prior to beginning the assay.

Mean cpm (triplicate cultures) were

determined and Stimulation Index was calculated (Fig. I A-C). Results are
representative of two separate experiments.

Similar results were seen with all four animals immunized with whole extract in 2
separate experiments.
Tfl 90 immunized animals responded specifically to Tfl 90 restimulation in vitro
in a dose dependent fashion with stimulation indexes approximately 30 fold greater than
control animals (Fig. 2). Similar proliferation results were observed repeatedly in Tfl 90
immunized animals. Thus, immunizations of cattle with antigens of T foetus resulted in
primed T-cells in the PBMC population that are capable of proliferating in response to
parasite antigens in vitro.
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Fig 2: Proliferation of T fl90 primed bovine PBMC in response to T fl90. PBMC from
animals immunized with Tfl 90 respond by antigen-specific lymphocyte proliferation in
vitro. PBMC from a Tfl90-immunized cow ( | ) and control cow f l ) were isolated, and
cultured with Tfl 90 for 5 days. Mean CPM (triplicate cultures) was determined and
Stimulation Index was calculated.

Cell Surface Phenotype;
Results of flow cytometry analysis after in vitro stimulation of Tfl90-primed
PBMC indicated a phenotypic shift in the primed T cell population. Tfl90-primed
PBMC T-cells shifted from mixed CD4+, CD8+, y8+ populations on day 0 of culture to
predominantly CD4+, y8", CDS' by day 14 of culture. Phenotypic profiles of
unstimulated, primed PBMC did not display this dramatic shift. After 14 days in culture,
unstimulated cells had 19% CD4+ cells, whereas the UV antigen-stimulated cells had
83% CD4+ (Fig. 3B). A 25% increase in CD45RO cells was observed in stimulated vs
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Figure 3. Phenotypes of Tfl90-primed bovine PBMC T cells during re-exposure to antigen.
PBMC from cows immunized with whole cell extracts of Tritrichomonas foetus
(A.) or purified T fl90 (B.) were cultured without (-) or with (+) I X IO5 UV-irradiated T. foetus
for 14 days and analyzed by flow cytometry. Numbers at far right, indicate the percentages of PBMC positive
or each marker in unstimulated (Ag panel B ) or stimulated (Ag + , panel B) cultures.

unstimulated, Tfl90-primed PBMC (Fig. 3 B; compare unstimulated at 68% to
stimulated at 85%). The opposite effect was observed with CD8+ and y8+cells with
dramatic decreases in stimulated, primed PBMC compared to unstimulated PBMC (59%
CD8+ and 33% y5+ vs. 4% CD8+ and 2% y5+).
PBMC from animals immunized with whole parasite extract displayed phenotypic
profiles that differed only 1-3% at day 14 between stimulated vs. unstimulated
populations (Fig. 3A). PBMC from unprimed animals had even less variation in
phenotypic profiles on day 14 between stimulated vs. unstimulated populations than
PBMC from whole antigen primed animals (data not shown). These phenotypic patterns
were observed in three separate experiments using PBMC isolated from different animals
in each treatment group. In addition, proliferation assays performed on Tfl90-primed
PBMC that had been in culture for 14 days and exposed to UV antigen confirmed the
maintenance of Tfl 90-specific proliferation in these long-term cultures (Fig. 4).
Fig. 4
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Fig 4: T fl90-specific proliferation responses of PBMC from Tfl90-primed animals day
14 after re-exposure to UV antigen in vitro. Long term PBMC from Tfl 90 immunized
animals (maintained in culture for 14 days alternating stimulation with UV antigen as
described in Materials and Methods) were analyzed for their ability to proliferate
specifically in response to Tfl 90 (day 5). Mean CPM were statistically significantly
different in PBMC exposed to Tfl 90 (□) as compared to the media only control (G) p <
.05 as determined by ANOVA and Tukeys comparison of means.

Induction of IFNy message, and expression of IFNy protein:
Bovine PBMC from animals immunized with Tfl 90 produced an IFNy response
upon in vitro stimulation with UV antigen. The message for IFNy was most consistently
expressed after day 4 of exposure in vitro to UV antigen (Fig. 5A). However, IFNy
message was periodically detected at day 2 and 6 of culture with antigen (data not
shown). PBMC of animals immunized with whole extract often responded with an IFNy
message upon UV antigen stimulation as well, but no IFNy message was detected in
PBMC of unimmunized control animals under the same conditions at any time point
(compare lanes 4, 5, and 6, Fig. 5A).
Southern blots of the RT-PCR product hybridized with a bovine IFNy-specific
probe further indicating that the amplified product contained bovine EFNy sequences (Fig.
5B). Since this probe was designed to hybridize to an intron-spanning sequence the
results indicate that the PCR product generated by RT-PCR was from IFNy mRNA, and
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Fig 5: Production of IFNy message by Tfl90-primed PBMC detected by RT-PCR
(A.) and Southern blot (B.). (A.) RT-PCR was done with y actin primers (lanes 13) or IFNy primers (lanes 4-6) and the products (420 bp, y actin; 426 bp, IFNy)
were resolved by agarose electrophoresis after UV antigen stimulation of PBMC
from cows immunized with whole antigen (lanes 1,4), Tfl 90 (lanes 2,5) or
unimmunized (lanes 3,6). M = markers.
(B ) A biotinylated oligonucleotide probe was used to probe the RT-PCR
products from primed PBMC after UV antigen stimulation. Image of ethidium bromide
stained gel (left) and Southern blot (right) showing size markers (lane M), y actin product
(lane I, 420 bp) and IFNy product (lane 2,426 bp). Data are representative of
observations made with both cows from each treatment group in over 5 separate
experiments.
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not genomic DNA (Fig. 5B, left and right panels). In addition, no evidence of probe
hybridization to carryover DNA was found (Fig. 5B, lane I).
IFNy protein expression by Tfl90-primed PBMC was demonstrated by detection
of intracellular JFNy in PBMC by flow cytometry (Fig. 6; Table I). Control PBMC and
Tfl90 primed PBMC responded equally to ionomycin / PMA activation (~ 5-6% increase
in IFNy + cells over unstimulated controls, data not shown). Numbers of IFNy + PBMC
were consistently higher in Tfl90-primed PBMC when stimulated with UV antigen in
vitro compared to Tfl90-primed PBMC without antigen (14-39%; Table I) and in
unprimed PBMC + antigen (data not shown). IFNy protein (13 ng/ml) in supernatants
generated from exposure of Tfl90-primed PBMC to UV antigen was also detected by
ELISA (Fig. 7). PBMC not re-exposed to antigen failed to produce any detectable IFNy.
Secretion of IFNy protein in PBMC from cattle immunized with Tfl 90, thus, followed
the IFNy message response shown earlier by RT-PCR and Southern blot results.

Fig. 6

FLl H

Figure 6. Detection of intracellular bovine IFNy in Tfl 90 primed PBMC by flow cytometry.
Cyropreserved PBMC from T190 primed animals were removed from liquid nitrogen and rested 4 days
prior to stimulation with UV irradiated parasites + BFA.
Background from secondary antibody goat anti-mouse PE conjugated at 1:250
(A.) .06% and PBMC positive for intracellular IFNy as detected by anti-bovine IFNy antibody
(B.) 5.62%. Similar results were seen in four separate experiments (see Table I).
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Table L IFNv response of primed bovine PBMC to Tritrichomonm foetus. *
Experiment #

-Tf

+Tf

% increase
IFNy+

I

5.8

9.6

39.6

2

4.9

5.7

14.0

3

18.0

28.8

37.5

*Numbers indicate the percent of cells that were positive for TFNy as determined by flow
cytometry. Percent increase in IFNy is defined by the formula (+Tf- (-)Tf)/+Tf X 100,
where + T f= with UV antigen and - T f = without UV antigen
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Figure 7. Detection of recombinant bovine IFNy by ELISA in supernatants of Tfl 90primed PBMC. A. Detection of recombinant bIFNy in a dose-dependent fashion by
rabbit anti-blFNy. B. Supernatants collected on day 6 from Tfl 90-primed PBMC when
exposed to UV antigen in vitro (+) produced approximately 13 ng of IFNy. Supernatants
from Tfl 90-primed PBMC in absence of re-exposure to UV antigen (-) failed to produce
detectable IFNy.

Suppression of parasite growth by adherent PBMC:
Since IFNy is a potent signal in the activation of macrophages, the effect of IFNy treated adherent PBMC on T foetus growth by co-culture experiments was investigated.
Adherent PBMC from naive animals treated with either rbIFNy or IFNy+PBMC
supernatants (positive for IFNy as determined by ELISA) suppressed parasite growth by

8 0

at least 50% at 49 hr compared to control, untreated adherent PBMC (Fig. S;P< 0.05).
Treatment of parasites with LPS or IFNy only (in absence ofPBMC) had no effect on
parasitic growth (data not shown).
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Fig. 8: Suppression of T. foetus growth by activated, adherent bovine PBMC.
Additions:

^

no activation, medium; ™ IFNy+ (0.27 ng/ml) PBMC supernatant

rbIFNy (20 ng/ml). Adherent PBMC, 2 X 105/ well, were incubated 24 hr, and
medium, IFNy+ supemate + 50ng LPS, or rbIFNy + LPS were added and cells were
incubated another 24 hr. T. foetus, 2 X IO4/ well, were then added, and parasite counts
were made by hemacytometer at 25.5 hr and 49 hr after addition of parasites. * Indicates
significantly different from no activation control (medium treatment) at/? < .05. These
results are representative of two separate experiments.

Discussion

The current study examined induction of T-cells in cattle by immunization with
antigens of T foetus. The results indicate that immunization with whole cell antigen
preparations or purified Tfl 90 antigen primes T-cells to produce antigen-specific
secondary responses, including proliferation (Fig. I A-C, Fig. 2) and the production of
IFNy (Fig. 5-7, Table I). In addition, this is the first documentation that induction of
bovine CD4+ T-cell responses to a purified, functionally characterized antigen (8,9) of
T.foetus leads to macrophage activation, that can suppress parasite growth and is
potentially lethal to the parasite (Fig. 8). These observations strongly imply that
theTfl90 complex (which contains LPG (9)) contains T-cell epitopes, a finding similar to
those reported for the LPG complex of Leishmania sp. (18).
Analysis of Tfl90-primed T-cell responses revealed that re-exposure of PBMC to
Tfl90 produced a phenotypic switch to predominantly CD4+ T-cells (Fig. 3B), a shift that
was not seen in the whole extract-primed PBMC under identical conditions (Fig. 3A).
These results suggest that immunization with Tfl90 primes CD4+ T-cells for expansion
upon re-exposure to live parasites, an important consideration in vaccine development. In
addition, these observations imply that immunization of cattle with Tfl 90 primes a
specific subset of T-cells, CD4+ T-cells, a T-cell subset known to contain inflammatoiy
T-cells and T-cells responsible for helping antibody responses (19,20). The protective
effector role of T-cell dependent responses in infection with T. foetus has not been
addressed, although effective immunity, against most microbial pathogens, including

many parasitic protozoans, is largely T-cell dependent. For example, effective immunity
against Plasmodium sp. requires CD4+ T-cell regulated immune responses (21,22,23),
including T-cells that produce IFNy and TNFa (24). In a few systems, effective
immunity strictly depends on which CD4+ T-cell pathway predominates in the response.
A Thl (including DL-12, IFNy, TNFa) (25, 26) response against Leishmania sp. leads to a
favorable outcome, whereas a predominately Th2 response exacerbates disease (27,28).
In contrast, Th2 responses characterized by DL-4, IL-5, DL-6, and DL-13 production, (25,
26) lead to more favorable outcomes in infections with Giardia sp. (29). However, in
the bovine system the Thl/Th2 paradigm is apparently not as clearly defined since in
some instances responses seem to be heterogeneous inducing both Thl and Th2 like
responses, whereas in other examples predominant Thl or Th2 responses occur (20). For
example, T helper responses induced in Th clones against the rhoptry-associated protein1 of Babesia bigemina are biased towards T hl, as characterized by a strong IFNy
response and a weak DL-4 response (30). In contrast, clonal T helper responses to
Fasciola hepatica infected cattle were characterized by strong IL-4 responses and weak
IFNy (31).
Bovine trichomoniasis often results in a chronic inflammatory response,
characterized by the presence of polymorphonuclear leukocytes (PMN) (32,33),
macrophages, and mononuclear cells (1 ,35) in the reproductive tract. Earlier studies of
natural T. foetus infections in cattle demonstrating macrophage infiltration (evidenced by
the presence of giant cells) in placental and fetal tissues (35) and our results indicating
elicitation of CD)4+ T-cells, suggest T-cell responses to this parasite could include the Thl

pathway. Analysis of IFNy expression demonstrated that when Tfl90-primed PBMC
were challenged with parasite antigen, they expressed increased production of IFNy
compared to unprimed PBMC exposed to antigen or Tfl 90 primed PBMC without
antigen (Figs. 5 -1). Collectively, these observations imply that bovine T-cells can
respond to antigens of T foetus through an immunoregulatory pathway that can result in
macrophage activation (35,36,37) It is, however, important not to overlook the potential
oflL-4 production, since strong antibody responses to T. foetus have been documented
with T fl90 (38) and other antigen preparations and in natural infections (4, 9,39,40,
41). Using assays similar to those described here, IL-4 production from PBMC primed
with Tfl 90 or whole extract was observed (data not shown).
Information of cell-mediated immunity in response to antigens of T. foetus is
virtually absent except for histological studies on PMN/monocyte infiltration (32, 33,
34); therefore, the current study focused on IFNy expression. Complete analysis of
cytokine profiles including Th2 type and Thl type cytokines may reveal a mixed type of
response, as previously seen in the bovine system (20). However, it will be interesting to
see if a predominant Th type of response constitutes protection from ,infection or
exacerbates disease. Importantly, strategies to improve the efficacy of vaccines (42)
could be improved by gaining insight into T helper responses, particularly to
biochemically-defined antigens.
Induction of IFNy and subsequent macrophage activation could occur in animals
with natural T. foetus infections and depending on such variables as the timing, location
and degree of these responses, the outcome could be protective or harmful. For example.
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IFNy is a potent activator of macrophages that often increases their production of TNFa,
reactive oxygen intermediates (H2O2 , etc.), and nitric oxide (NO). The retardation of
growth observed due to the effects of IFNy on naive PBMC could suggest a role for
TNFa, etc., in eliminating T. foetus. Alternatively, DFNy is known to stimulate IgG
antibodies that facilitate opsonization (for example, murine IgG2a, IgG3). Bovine
macrophages can phagocytose T. foetus (43,44) and surface reactive axiti-Tfoetus MAbs
have been shown to be opsonic (44). Thus, the ability of IFNy to evoke phagocytemediated defense against infections by enhancing the ability of macrophages to
phagocytose and subsequently destroy microbes (19) suggests this effector mechanism
could destroy T. foetus. Recent results, however, indicate that opsonizing antibodies are
not required for suppression of growth (Fig. 8) or killing of T. foetus, which occurs
extracellularly (data not shown), suggesting further studies will be required to determine
how macrophages, with or without antibody, destroy this parasite.
An alternative outcome of mononuclear infiltration may be increased
pathogenesis of T. foetus infection by production of inflammatory cytokines such as DErNy
and TNFa. Cellular infiltration contributing to pathogenesis in pregnant animals has
been documented in infection with the protozoan parasite Leishmania major, which was
shown to adversely affect pregnancy in C57BL/6 mice, a strain that is relatively resistant
to induction of abortion. Mice infected with L. major had increased pregnancy losses
compared to controls due to increased production of TNFa and DFNy by placental cells
(45). Since T. foetus can be abortifacient in cattle, increases in TNFa and/or DFNy may
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be important in the pathogenic mechanism of abortion by enhancing inflammation in
tissues crucial to fetal survival.
Collectively, the results of investigation of immune responses of cattle immunized
with complex or purified T. foetus antigens revealed that antigen-specific T-cell
responses resulting in production of IFNy were induced. The increases of CD4+ T-cells
in Tfl90-primed PBMC after antigen re-exposure suggest that Tfl 90- specific CD4+ Tcells could be an important memory T-cell phenotype, which includes T-cells that

I

respond to antigen by expression of IFNy. The observation that IFNy-treated adherent
bovine PBMC suppressed T. foetus growth suggests a potentially important effector
pathway of cellular immunity triggered by CD4+ memory T-cells. Whether primed CD4+

:

T-cells that produce IFNy lead to a protective response against intravaginal T. foetus
challenge has yet to be determined. Regardless, the results presented here suggest a
novel cellular effector mechanism, with potential importance in control of a T.foetus
infection in cattle and further studies should be directed at revealing the role of cellular
immune mechanisms in protective immunity against this parasite.
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APPENDIX C

ANTIBODY RESPONSES OF CATTLE IMMUNIZED WITH THE TF190
ADHESIN OF TRITRICHOMONAS FOETUS

I

I'!

Introduction
The sexually transmitted parasitic protozoa Tritrichomonas foetus, the causative
agent of bovine trichomoniasis, results in fetal loss due to abortion and increased
management costs due to unproductive cows. It is often found on the mucosal surfaces of
the female reproductive tract or in the epithelial glands of the penis of the bull (1,2 ,3 ,4 ,
5). There is no approved chemotherapy in the United States, and infected animals are
usually culled to control disease in the herd (6). Infected animals can often self-cure,
perhaps as a consequence of infection-induced acquired immunity; however, re-infection
is common and, infected bulls can carry the infection for life, serving as a reservoir for
the disease and suggesting immunity from natural infection rarely protects against
challenge. Therefore, the reported herd incidence remains near 10% despite the
availability of a commercial vaccine (7). The current vaccine is also problematic because
o f its incomplete efficacy since it only results in approximately 30% reduction of
abortion (7).
Parasite specific antibody responses in cattle to natural T. foetus infection (IgGl,
IgG2, and IgA isotypes) have been demonstrated using a variety of assays and parasite
antigens (7, 8, 9,11,12 ) and in experimental infections (13,14), although antibody
effector mechanisms have not been clearly identified. In addition, the mechanisms of
pathogenesis of T. foetus are poorly understood. However, adherence and killing of
mammalian cell lines has been demonstrated (15,16), and contact dependent cytotoxicity
by T. foetus against bovine vaginal epithelial cells has been documented (17).
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Monoclonal antibodies to parasite adhesin molecules have been shown to inhibit
adhesion of the parasite to mammalian tissues (16, 18), and bovine antibodies specific for
surface epitopes of T. foetus have been shown to inhibit adhesion to, and killing of,
several mammalian cell lines (16,19). Collectively, these data suggest that adhesion is
an important step in the cytopathic mechanism of host cell damage and may be important
in the pathogenesis of bovine trichomoniasis as well.
We have identified an adhesin molecule on the surface of T. foetus, Tfl 90, (12)
and have now studied the humoral responses in cattle immunized with Tfl 90. The
purpose of the current study was to investigate the immunogenicity of Tfl 90 and to
define antibody responses in cattle after immunization with Tfl90. We report that
parenteral immunizations with Tfl 90 elicits a strong systemic response in cattle and that
immune serum antibodies can significantly inhibit parasite adhesion to mammalian cells.
Intranasal immunization decreased the rate of infection in immunized vs. unimmunized
animals when these animals were challenged with intravaginal inoculation of T. foetus
and parasite specific cervical mucus antibody was detectable after intravaginal challenge
with live T foetus in immunized animals that were resistant to infection.

Materials and Methods.

Parasites and Parasite Antigens:

Two strains of parasites, a high passage clone, MT85-330.1 (Tf330.1) originally
isolated in 1985 and a low passage isolate obtained from a 1997 outbreak in Montana,
TFC-5-1, were maintained in vitro at 37C using Diamond’s medium (20) without agar
containing 5% donor calf serum (Atlanta Biologicals, Atlanta GA). Whole parasite
extract was obtained as previously described (12). Briefly parasites were washed in
phosphate buffered saline pH 7.2 (PBS) by centrifugation (400 x g, 5 min) and extracted
on ice at I x IO8 parasites/ml extraction buffer [50mM Tris pH 8 , 1OOmMNaCl, 5mM
ethylenediaminetetraacetic acid (EDTA), 1% rc-octyl-jB-D-glucopyranoside, IOOpM
leupeptin, and IOpM trans-epoxysuccinyl- L -leucylamido-(4-guanidino) butane (E-64)].
T fl90 antigen was then prepared by affinity chromatography using MAb 32.3B3.5 as
previously described (12) and lyophilized prior to use for intranasal immunizations.

Cattle and Immunizations:
Subcutaneous immunizations: Ten adult cows were immunized subcutaneously in
multiple injection sites with 100 pg Tfl90 in alum on days 0,20, and 125 and ten control
animals received only alum in the same manner.
Intranasal immunizations: Intranasal immunizations were performed
independently from the subcutaneous immunizations. Six adult cows were given an
initial subcutaneous injection of 100 pg T fl90 in alum followed by two intranasal doses
of 100 pg Tfl 90 + 20 pg cholera toxin subunit B (CT-B) (Sigma, St. Louis MO) on days
21 and 58. T fl90 + CT-B was dissolved in PBS and placed on small (11/16") absorbent
discs (Whatman I Filters, Fisher Scientific, Pittsburgh PA). The discs were inserted into

each animal intranasally with a plastic calf balling-gun. Six control animals received
alum and CT-B only at the same times.

Challenge with T. foetus'.
Six animals that received Tfl 90 intranasally and six control animals (cholera
toxin only) were infected intravaginally with IxlO6 live T. foetus each in buffered saline
with glucose (GKN) on day 77. Cervical mucus samples were monitored for 30 days by
weekly sampling with artificial insemination pipettes, cultured in Diamond’s media and
cultures were examined by phase contrast microscopy for presence of parasites.

Assessment of Antibody Responses:
Western blot: Whole extracts of T. foetus were subjected to SDS-PAGE (10%T)
followed by Western blotting. Blots were probed with bovine sera, cervical mucus
samples, or nasal secretions. Cervical mucus and nasal secretions were immediately
treated with 2 ml of Hanks balanced salt solution (Atlanta Biologicals, Norcross, GA)
containing 0.15% dithiothreitol (Sigma, St. Loins, MO) and physically sheared by multiple
passings through a 20 gauge needle. Antibody subtypes were characterized by incubation
with sheep anti-IgGl, IgG2, and IgA (all subtypes were anti-bovine heavy chain specific);
(Bethyl Labs, Montgomery, TX). Some blots were also probed with mouse anfhbovine
IgGl (heavy chain specific ;VMRD, Pullman, WA). All subtype antibodies were incubated
at 2 pg/ml (3 hrs) followed by incubation with anti-mouse HRP labeled secondary (I
pg/ml, I hr) (ICN Pharmaceuticals, Costa Mesa, CA) or anti-sheep HRP labeled secondary

(I jug/ml, I hr) (Bethyl Labs, Montgomery IX). Blots were developed with TMB

.

membrane peroxidase substrate (Kirkegaard and Perry Laboratories, Gaithersburg MD).

ELISA:
ELISAs were performed as follows: 100 pi of whole T. foetus extract (prepared as
described above) containing 137.5 jag/ml (BCA protein assay. Pierce Chemicals, Rockford,
TL) was plated in 96 well plates (in PBS) and incubated overnight at room temperature.
Afterwards, the plate was blocked in 1% fish gelatin/PBS for I hour, rinsed three times
with .05% Tween 20 in PBS, and dilutions of bovine sera or cervical mucus in 0.05%
Tween 20, + 0.1% fish gelatin were added. Plates were washed and incubated at room
temperature with sheep anti-bovine IgGl or IgG2 heavy chain specific antibody (I jag/ml,
4 hours). The plates were then washed and HRP labeled anti-sheep antibody (I pg/ml) was
added. ABTS peroxidase substrate solution (Kirkegaard and Perry Laboratories,
Gaithersburg MD) was used for detection, and mean absorbances of duplicate samples at
405 mn were recorded (THERMOmax, Molecular Devices, Sunnyvale, CA). Statistically
significant differences (p< 0.05) were detected between treatments by ANOVA and
Tukey ’s comparison of means (Prism V. 3, Graph Pad, San Diego, CA).

Adhesion Inhibition Assays:
Adhesion of T. foetus was evaluated by previously described methods by co
culture of [3Hj-Iabeled T. foetus and target cells (16). Briefly, parasites were labeled
overnight with [3Hj-Uracil and counts/minute (CPM) recorded 16 hours later. The
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labeled parasites were added to either HeLa or the bovine macrophage cell line M617 in
24 well plates and treated with pre-immune or immune serum (1:100 final dilution) from
T fl90 immunized animals and incubated 30 minutes at 37°C. Monolayers were gently
washed twice with warm medium and counts per minute determined by a liquid
scintillation analyzer (Packard 1500 Tri-Carb, Packard Meriden, C l). Percent inhibition
was calculated by the formula: (CPM control-CPM experimental/CPM control) x 100.
Data were analyzed by ANOVA and Tukey5s comparison of means with significance
indicated at p< 0.05.

Results

Antibody Responses:
Results from experiments in which Western blots of whole parasite extract gels
were reacted with sera showed seven of 10 animals immunized with Tfl 90 had antigenspecific IgGi antibody responses detectable in serum at day 125 of immunization. Preimmune sera from these animals (Fig I : lanes 1,3,5, and 7) and animals immunized with
alum only (data not shown) did not recognize Tfl90 antigen. The reactivity pattern of
immunized polyvalent sera was consistent with that of the Tfl 90-specific MAb 32.3B3.5
(compare lane 9 with 2 ,4 ,6 , and 8). Immunized animals either recognized both the
140kDa and 60kDa subunits of Tfl 90 (Fig I lanes 2, 6, 8), the MOkDa sub-unit (Fig I
lane 4), or just the 60kDa sub-unit (data not shown).
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Figure I. Reactions of antibody from Tfl 90 immunized cattle reveal antigen specificity
and Tfl 90-sensitization in the majority of the animals. All animals were immunized
subcutaneously on days 0, 20, and 125 with Tfl 90 + alum. Whole T. foetus was
separated by SDS-PAGE, electroblotted onto PVDF membrane and probed with day 0,
pre-immunization serum (lanes I, 3, 5,7) or day 125 immune serum (lanes 2, 4, 6, 8)
(both at 1:50), followed by mouse anti-bovine heavy chain specific IgGl antibody
(VMRD) (1:500) and detected with anti-mouse HRP labeled secondary (1:1000). Lane 9
is T fl90 specific MAb 32.3B3.5 (1:50) lane 10 is secondary only.

Assay results for reactions of sera from non-immune cattle with parasite blots
demonstrated the presence of IgGz that reacts with several T. foetus antigens (Fig 2, lanes
3 and 7). A complex pattern was seen in IgGz reactions of immune sera, as compared to
the restricted pattern observed in the IgGi antigen-specific antibody reactions (Fig I).
However, immune sera from the same animals also contained Tfl 90 antigen-specific
IgGz antibody that recognized the 60Kd subunit of Tfl 90 (e.g. Fig 2, lanes 4 and 8).
Collectively, the results of Western blot analysis with serum antibodies indicate that
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subcutaneous immunization with Tfl 90 results in antigen-specific IgGi and IgGz
responses. Results of similar experiments in which Western blots were used to examine
anX\-T. foetus IgG, and IgG2 from animals immunized intranasally showed no evidence of
systemic sensitization to Tfl 90 (data not shown).
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Figure 2: Comparison of bovine antibody reactions reveals strong pre-immune IgG2
binding to T. foetus antigens not seen in IgGl profiles. Whole extracts of T. foetus
subjected to SDS-PAGE followed by Western blotting were probed with T fl90 immune
sera (day 147) or pre immune sera (day 0) followed by anti-IgGl or anti-IgG2 antibodies
and secondary sheep anti-bovine. Lanes I and 5 are pre-immune sera probed with IgGl,
lanes 2 and 6 are immune sera and IgG l. Lanes 3 and 7 are pre-immune sera with IgG2,
lanes 4 and 8 are immune sera with IgG2. Numbers indicate reactivity pattern of Tfl 90
specific MAb 32.3B3.5.
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Results of ELISA assay of serum antibodies demonstrated increased levels of
parasite specific antibodies after parenteral immunization. Immune sera (day 125)
contained levels of parasite specific antibody responses that were higher (p < 0.05) than
those in pre-immunization sera (Fig 3A-B). Parasite-specific IgGi levels in immune sera
were statistically significantly different from pre-immune sera at all dilutions from 1:250
- 1:3200 (Fig 3A). Significant increases in parasite-specific IgGz in immune sera vs. preimmune sera were also evident at day 125 (Fig 3B). However, this difference was not
significant at higher dilutions, suggesting the relative strength of the IgG1response was
greater than the IgG2 response.

Inhibition of Parasite Adhesion:
The ability of the Tfl 90 immune sera to inhibit parasite adhesion was also
investigated. Immune sera significantly reduced parasite adhesion to the HeLa cell line
and the bovine cell line, M617, as compared to pre-immune sera (Fig 4). Parasites
treated with immune serum reduced parasite adhesion to mammalian cells by 40% - 56%
compared to the adhesion observed in controls treated with pre-immune serum from the
same animal. This reduction was observed on HeLa with both a high passage parasite
strain, Tf330.1 (Fig 4A) and a low passage strain TFC-5-l(Fig 4B). Inhibition of parasite
adhesion was also observed to a different mammalian cell line M617 (Fig 4C). Thus,
immunization with Tfl 90 induced production of a functional antibody capable of
inhibiting parasitic adhesion.
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Figure 3: Subcutaneous immunization with Tfl 90 influences the levels of parasite
specific IgGl (A) and IgG2 (B) antibody. ELISA was preformed as described in
Materials and Methods with pre-immune sera (day 0) and immune sera (day 125). Data
is shown for two representative animals (4 and 9). Asterisk indicates statistically
significant differences at / k O.05 between pre-immune (?) and immune sera (I) at the
appropriate dilution.
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Figure 4: Tfl90 immune serum antibodies inhibit parasite adhesion to mammalian target
cell lines: A. parasite strain Tf 330.1 4-HeLa; B.parasite strain TFC-5-1 + HeLa; C. Tf
330.1 + bovine macrophage cell line M617. Numbers above solid bar graphs indicates
percent inhibition exhibited by treatment of parasites with immunized (day 125) sera vs.
treatment of parasites with unimmunized sera (day 0) (dotted graphs), * indicates
statistically significant differences at p<05.

Intranasal Immunizations:
Evidence of systemic immunization was absent in animals immunized
intranasally with Tfl 90 and antigen-specific antibody responses in cervical mucus
samples from these animals were undetectable 75 days after initial immunization
However, 30 days after intravaginal challenge antigen specific IgA (but not IgGi or IgG2)
antibody was detected in secretions of immunized animals by Western blots of parasite
antigen (data not shown). However, only the 60 kDa subunit of TH 90 was recognized,
and high background binding to non-TH90 epitopes was evident. Further evaluation of
cervical mucus by ELISA revealed that the animals that were protected from infection
had statistically significant increases in parasite-specific IgA 30 days after challenge (Fig
5). Results of ELISA on nasal samples failed to detect anti-TH90 antibodies at any time

points. However, nasal immunization of cattle with TH 90 did decrease infection rates by
50% in immunized animals as compared to controls (Fig 6). These results suggest that

intranasal immunization with TH 90 primed the reproductive tract for subsequent
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increases in parasite-specific antibody responses after the antigen challenge and that this
priming leads to partial protection against parasite challenge.

1.25-,

1. 00 -

0.50-

0.25-

days post T. f o e tu s infection

Figure 5: Parasite specific, mucosal IgA antibody responses increase in intranasally
Tfl 90 immunized animals compared to unimmunized controls after intravaginal
challenge with T. foetus. All immunized animals included in this study (mean of Tfl 90)
had cleared the infection (4 of 6), while all control animals (mean of control) maintained
the infection (4 of 6). Day 0 indicates day of intravaginal challenge (day 30, 30 days
after challenge). One * indicates statistically significant differences in experimental
groups compared to the ** treatment group at/><0.05.
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Figure 6: Immunization of cattle with Tfl 90 decreased infection rates as compared to
controls. Virgin heifers were vaccinated subcutaneously with Tfl 90 or alum followed
by 2 intranasal boosts of Tfl 90 and cholera -toxin subunit B (CT-B) (n=6), or CT-B in
PBS (n=6). Animals were challenged intravaginally with IxlO6 live T. foetus 19 days
after the last immunization. Results are shown for animals positive for Tfoetus infection
as detected by cervical mucus culture taken 30 days after challenge.
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Discussion

Trichomoniasis in cattle continues to be an important problem despite control
efforts and the availability of a commercial whole cell vaccine. In order to determine the
immunogenicity in cattle, we examined antibody responses by two routes of
immunization with a biochemically-characterized adhesin of T. foetus, Tfl90 (12).
Results of these experiments suggested that subcutaneous immunization with Tfl 90
induced a systemic response characterized by antigen-specific IgGi antibody that
recognized both the 140 kDa and 60 kDa sub-units of Tfl 90. Additionally, data
presented here reveal that although there is strong pre-immune IgG2 binding to parasite
antigens, IgG2 antibodies specific for the 60Kd subunit of Tfl 90 were present only after
immunization. Thus, both an IgGi and IgG2 response to the 60 kDa subunit resulted from
subcutaneous immunization with Tfl90.
The strong binding of pre-immune IgG2on Western blots of T. foetus is quite
interesting as it suggests that non-immunized animals have developed antibodies against
parasite antigens by some unknown mechanism. This observation is an important
consideration in development of new serological assays, since it suggests that antibody
binding assays such as ELISA may present false positives. The reason for the observed
binding of pre-immune sera to parasite antigen blots is unknown, although it may be a
result of the existence of protozoa in the bovine digestive tract, which include species of
the family Trichompnadidae (21) that could share some similar antigens with Tfoetus.
Thus, this observed response could be explained as cross-reactivity between antigens of
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T. foetus and the cattle’s natural protozoan fauna. It cannot be explained as an
anamnestic response, since these animals were not exposed to antigens of Z foetus prior
to parenteral immunization.
Immune sera from these animals significantly inhibited parasite adhesion to
mammalian cells indicating immunization with Tfl 90 elicited functional antibodies, as
was previously demonstrated for murine antibodies to this antigen (16). Since parasite
adherence has been shown to facilitate cytotoxicity towards mammalian cell lines (15),
including bovine vaginal epithelium (17), this anti-adhesion antibody function could
potentially alleviate direct parasite damage of host cells and help control infection.
After intranasal immunization, there was an absence of detectable anti-Tfl90
serum antibodies. The absence of a systemic response after the nasal immunization route
is not surprising since such immunization targets mucosal tissues, including the
reproductive tract (22). Therefore, we expected to see evidence of antigen sensitization
in nasal and cervical mucus tissues after intranasal immunization and prior to challenge
with live T. foetus. However, this immunization scheme did not result in detectable
parasite-specific antibody in nasal or cervical mucus prior to intravaginal challenge with
T. foetus, as we initially hypothesized. Instead, parasite specific IgA was significantly
higher 30 days after challenge in T fl90 immunized animals that were protected from
infection compared to control animals. This observation suggests that the animals
receiving Tfl 90 were primed for a protective immune response upon antigenic challenge
even though sensitization to Tfl 90 was not evident as detectable IgA prior to challenge.
Challenge, in essence, appears to have triggered potent protective mucosal immunity in
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these animals. This result is similar to observations of others that systemic priming with
parasite antigens followed by vaginal boosting enriches production of genital IgA (10). It
would be interesting to follow the subcutaneous immunization scheme, which resulted in
a strong systemic response and production of anti-adhesion antibodies, with an intranasal
booster prior to challenge, thus, combining the systemic and mucosal immune responses.
Several studies have demonstrated various forms of increased resistance to
infection with TLfoetus resulting from parenteral immunization (7, 8,9, 23,24,25,26).
One study observed an initial infection rate in cattle immunized with killed TLfoetus that
was equal to the infection rate in controls; however, immunized animals cleared the
infection more rapidly than controls (24). Other studies have shown increases in
pregnancy rates in vaccinated animals compared to controls: 82.6% successful pregnancy
in vaccinated compared to 60.53% in controls (7). Corbeil and colleagues showed that
immunization with a sub-cellular antigen of TLfoetus resulted in a 20-40% reduction in
infection rates in immunized animals compared to controls (10). In this study we have
shown that immunization with the purified adhesin Tfl 90 can decrease infection rates by
50% compared to controls (Fig 5). However, how these sub-cellular antigens of TLfoetus
provide partial protection from challenge is not known. Further investigations aimed at
increasing the efficacy of immunization and a better understanding of the mechanisms of
effector functions operating in immunized/protected animals will be required to elucidate
the precise function of antibody responses in protective immunity.
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APPENDIX D

MOUSE MODELS OF TRICHOMONAD INFECTIONS REVEALING INNATE
IMMUNE RECOGNITION OF PARASITES

Introduction

The study of many sexually transmitted diseases (STDs) is limited by the lack of
appropriate models to study local immune responses (1,2). The study of the parasitic
protozoa T. vaginalis and T. foetus is no exception, and as a result, information on local
immune responses to these pathogens is lacking. For obvious ethical reasons, human
models of T. vaginalis that investigate local immune responses to experimental infection
are not feasible, and cattle models of T. foetus are limiting due to sheer expense. The
development of a mouse model for the study of the trichomonads T. foetus and T.
vaginalis is, therefore, a necessary step to further our understanding of mechanisms of
pathogenesis leading to adverse outcomes in pregnancy.
Previous to our work, mouse infection models of T. vaginalis consisted of co
exposure of T vaginalis with Lactobacillus acidophilus (3). Although this methodology
worked to establish infection, the reason it did so was not evident. For example, did the
co-culture with Lactobacillus lower the pH of the murine reproductive tract to better
accommodate T. vaginalis, which prefers a more acidic pH, or did it somehow suppress
an innate immune response to T. vaginalisl Other models of T. vaginalis that have been
successful at maintaining an infection have involved pretreatment of mice with estrogens
(3,4,5).
Mouse models of local T. foetus infections have been plagued with similar
problems. Like the T. vaginalis model, one murine model that has been successful at
maintaining long-term T. foetus infection employs the use of estradiol-17(3. A 15 jag dose
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o f estradiol-17p was effective at inducing and maintaining estrus and in turn allowed the
maintenance of a T. foetus infection (6). However, a study by Mutwiri and Corbeil (8)
compared the ability to maintain infections in unmanipulated BALB/c mice and in
estrogen-treated mice and reported that a chronic infection could be established in mice
without prior treatment with estrogen.
The murine estrus cycle lasts approximately 4 days and is characterized by 4
distinct stages: estrus (~12 hr), metestrus (~21 hr), diestrus (~57 hr), andproestrus (~12
hr). The stages can be distinguished from one another by the predominant cell types
found in the vagina (9). For example, estrus is characterized by the presence of nonnucleated comified epithelial cells, while diestrus is defined by an influx of
polymorphonuclear cells (PMN). The estrogen models of T. vaginalis and T. foetus have
been successful at maintaining infections by placing these animals in a continuous state
of estrus and, hence, a state of susceptibility.
There is strict hormonal regulation of the estrus cycle, which serves primarily for
the acceptance and maintenance of pregnancy but also influences the local immune
response. In mice, for example, the subclass of immunoglobulin present in the
reproductive tract is strongly influenced by the stage of the cycle and, in turn, the
dominant hormone present. IgA is most abundant during estrus, while IgG is the
predominant immunoglobulin in diestrus (10,11). It has been hypothesized that the
presence of IgA during estrus is for protection during mating when the reproductive tract
is potentially exposed to many pathogens (10,11). IgA is a potent neutralizing antibody
and can provide a degree of innate protection. There is good evidence that the majority

of the IgA present within the reproductive tract is produced locally (10). In fact, it has
been demonstrated by hysterectomy (murine) that ~ 95% of vaginal IgA is derived from
the uterus (12). Active transport of the secretory component (SC) of IgA results in the
presence of IgA at mucosal surfaces. In contrast, IgG seems to be predominantly serum
derived (11) and the thinning of the vaginal epithelial layers during diestrus allows for the
serum derived IgG to transudate through the vaginal epithelium. Similar observations
have also been made in humans (13,14,15). These characteristics are important
considerations for development of vaccines that target STDs. For example, mode of
delivery may be very crucial if protection from an STD infection requires an IgG
response versus an IgA response, so that the immunization may be more effectively
delivered parenterally or intravaginally, respectively.
Besides influencing the local antibody responses, the estrous cycle affects antigen
presentation (16,17). In one study, ovariectomized rats given oestradiol displayed a
decrease in antigen presentation by vaginal cells (16). Others have observed that
progesterone negatively influences the influx of macrophages into the uterus (18).
Presumably this regulation prevents an influx during pregnancy where, if activated, the
macrophages could be detrimental to pregnancy success.
Collectively, the observations with the estrogenized models suggest that
trichomonad infections may be strongly under the influence of stage of the estrous cycle.
The fact that the disease is only transmitted during estrus in cattle may also support this
idea. To address this issue we synchronized mice in their estrus cycle using the Whitten
effect (19) During different stages of estrus the mice were infected with either T

118

vaginalis or T foetus. Mice were monitored for infection, then euthanized, and entire
reproductive tracts were analyzed with immunohistochemistiy. These mouse models
revealed a higher percentage of mice had live recoverable T. foetus in vaginal washes
when infected during proestrus and estrus, as compared to those infected during
metestrus or diestrus. However, mice intravaginally inoculated with T vaginalis
routinely failed to become infected, at any stage of estrus, as determined by lack of live
parasites in vaginal washes with T. vaginalis.

Flow cytometry analysis of reproductive

tract intraepithelial leukocytes with the macrophage marker F4/80 showed increases in
macrophages in mice infected with T. foetus vs. controls. Interestingly, mice repeatedly
exposed to T. vaginalis also had increases in macrophage numbers in all regions within
the reproductive tract. These mouse models also revealed innate mechanisms of
immunity, such as resistance to infection and recurrence of infection after administration
of cyclophosphomide. The results of additional infection experiments using severe
combined immunodeficient mice (SCED) confirmed the observations seen with BALB/c
mice in regards to innate mechanisms of immunity.

Materials and Methods

Parasites and Inoculums:
Two T. foetus isolates were used in the mouse models. The T. foetus isolate, TE99324 obtained in 1999 from the lung of an aborted fetus and a clone MT85-330.1

I
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(Tf330.1), from a Montana strain originally isolated in 1985. All T. foetus parasites were
maintained in vitro at 37°C using Diamond’s medium (pH 7.2) containing 5% donor calf
serum (Atlanta Biologicals, Atlanta, GA). The Trichomonas vaginalis strain used was a
clinical isolate, kindly provided by Dr. J. Swebke (University of Alabama Medical
Center), and designated UAB5-1. T. vaginalis parasites were maintained in vitro at 37°C
using modified Diamonds media (pH 6.0) containing 10% fetal bovine serum (Atlanta
Biologicals, Atlanta GA). For mouse infections intravaginal inoculations of IxlO6
parasites were done in modified Diamond’s medium (pH 6.0 or 7.2, respective of the
parasite species used).

Inducing Synchronous Estrus:
Anestrous asynchronous BALB/c/By or SCID (on a BALB/c background) (The
Jackson Laboratory, Bar Harbor, ME) mice were group-housed for seven days (6-7
mice/cage). After seven days the females were placed in the large section of a Whitten
Cage (19) (10 %” x 10

) and introduced to a male separated from the females by a

wire mesh (area 6”xl0 %’’). Due to the housing setup, all mice were given 0.4 mg
sulfamethoxazole and 0.08 mg/ml trimethoprim in their water for 4 days followed by 3
days without antibiotics. This antibiotic regime was repeated for the duration of the
experiments. Three days after exposure to the male, females were checked by vaginal
washes with 50 pi sterile Hanks balanced salt solution (Hanks), and smears were made
with approximately 3 pi of sample. The stage of estrus was determined by standard
methods (9) using microscopic examination of fixed smears stained with modified
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Wright-Giemsa stain (Hema 3 Stain Set, Fisher Scientific, Pittsburgh, PA). Animals
were routinely monitored for the stage of estrus throughout experiments to determine
exact timing of the estrus cycle. Animals were inoculated on 2 consecutive days with
IxlO6/ trichomonad parasites/dose. Evidence of infection was obtained beginning at day
2 after last inoculum by determining the presence of live parasites recovered in vaginal
washes.

Cyclophosphamide Treatments:
Cyclophosphamide treatment of BALB/c/By and SCDD mice was done as
previously described (20). Mice were given an initial dose of 250 mg of
cyclophosphamide/Kg (~5 mg/mouse) in sterile water by tail vein injection and
monitored at day 3 for immuno-suppression by depression/absence of leukocytes in
stained blood smears (Hema 3). Mice were given a second dose of cyclophosphamide (in
the same manner) at day 4 to produce an immunosuppressive state for 7 days.

Immunohistochemistv:
Mice were euthanized at various time points and reproductive tracts were frozen
in O.C.T. Compound (Fisher Scientific Pittsburgh, PA) and stored a t-BO0C until they
were sectioned. Longitudinal (5 pm) sections from complete reproductive tracts were
prepared on a cryostat. Sections were fixed in 75% acetone/25% ethanol and stained
with the anti-macrophage MAb F4/80 (200 pi) (ATCC, Manassas, VA), or antiPMN/eosinophil-specific MAb SK208 (a kind gift from Dr. Mark Jutila, Montana State

University, Bozeman) for 30 min at room temperature followed by goat anti-rat IgG
biotin conjugated (1:250) (Biosource, Carmarillo, CA) for 30 min and detected with
streptavidin-horseradish peroxidase (1:500, 30 min) (Biosourse). Slides were developed
with AEC substrate chromogen for approximately 5 min (Dako, Carpinteria, CA).
Stained reproductive tract sections were examined and analyzed in 3 regions; lower =
distal vaginal region, middle = cervical area, upper = uterine area. Counts of stained
macrophages (FdZSO+), or PMN (SK208+) were determined for 10 microscopic fields
(within the aforementioned regions) using a microscope with a calibrated 40X objective.
Data are presented as means (± SEM) of + cells/pm2.

Flow Cytometry:
Intraepithelial leukocytes (IEL) populations in control and experimental animals
were isolated by standard procedures (21). Briefly, complete reproductive tracts from
mice intravaginally infected with either T. foetus or T. vaginalis and reproductive tracts
from control mice were removed from euthanized mice and flushed with 20 ml of 4°C
CMF/EDTA solution (containing 45 ml IOx HBSS, 50 ml FB8,7.5 ml IM HEPES, 10
ml 0.25 M EDTA, and 100 pg/ml gentamycin) by inserting a 20-G needle into the
vaginal lumen. Reproductive tracts were then cut longitudinally and laterally into 0.05-1
cm pieces and placed into a silanized 25 ml Erlenmeyer flask containing 20 ml
CMF/EDTA solution and rapidly mixed on a stir plate at 37°C for I hour. The
incubation was repeated, and supernatants from both times were combined, centrifuged at
400g for 10 min, and IEL population was resuspended at I xl 06/ml. IEL were stained for
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the presence of macrophages using Monts-4 (22) (0.5 pg/200 jul) and for the presence of
granulocytes using RB68C.5 (23) (0.5 pg/200 pi) for 30 min on ice. After 30 min, the
samples were washed (PBS +1% donor calf serum), and phycoerythrin (PE) labeled goat
anti-rat heavy chain specific (Jackson ImmunoResearch, West Grove, PA) was added
(1:500). Samples were washed and analyzed by flow cytometry (FACScaliber, Becton
Dickinson, Mountain View, CA).

Results

Effect of estrous cycle on T. foetus infection rates:
Female BALB/c/By mice synchronized in their estrus cycles and inoculated
intravaginally with 2 doses of IxlO6 live T. foetus had higher infection rates if inoculated
during proestrus and estrus, as compared to other stages in the estrus cycle. Inoculations
during proestrus and estrus resulted in 50-100% of the animals becoming infected (by
day 4) as determined by the presence of live parasites in the vaginal washes (Table I). In
contrast, mice infected in the same manner during metestrus and diestrus either failed to
become infected o r-10% became infected. (Table I) Female SCID mice synchronized
in their estrus cycle had similar infection rates, with approximately 50% having
detectable parasites in vaginal washes (Table I). However, SCID mice given
cyclophosphomide prior to vaginal inoculation with parasites had increased infection
rates (50-100%).
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SCID and BALB/c/By mice inoculated with T. foetus during proestms and estrus
that had cleared the infection, as determined by lack of recoverable live parasites in
vaginal washings, were then given cyclophosphamide which resulted in a recurrence of
live parasites in the vaginal washings. All 12 SCID mice and 4 of 4 BALB/c/By had a
reoccurrence of live parasites in the vaginal washings 4 days after being dosed with
cyclophosphamide (Table I).

Table L Number of animals positive for intravaginal Tritrichomonas foetus
infection.*

Mouse Strain

Proestms/
Estms

BALB/c/By

4/4
2/2

1/9

ND
ND

2/2
2/2

SCID

2/4
2/4

0/2

3/6
4/4

4/4
4/4
4/4

Diestras

cyclophosphamide cyclophosphamideprior to inoculation upon clearance **

* Mice were inoculated intravaginally with IxlO6 live T. foetus on consecutive days and
monitored for evidence of initial infection by day 6.
** Mice were previously infected during estrus but no longer presented with live parasites in vaginal
washes.ND= not determined

Macrophage and PMN infiltration of the reproductive tract:
Mice intravaginally inoculated with 2 doses of I xlO6 live T. vaginalis routinely failed to
become infected or had a very low incidence of infection (< 10%); however, female
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SCID mice that were repeatedly inoculated (intravaginally) with lx IO6 live T vaginalis.
Showed evidence of macrophages and PMN infiltration in reproductive tract sections.
Immunohistologic analysis with MAb F4/80 indicated increased numbers of
macrophages in reproductive tracts from mice exposed to T. vaginalis, as compared to
control mice exposed to Diamond’s Medium only (Fig. I : A-D), with significant
differences in numbers of F4/80+ in all regions of the reproductive tract (Fig. 3: A).
Immunohistochemical analysis with SK208 indicated increases in PMN in all regions of
the reproductive tract upon exposure to T. vaginalis, as compared to controls (Fig. 2: AB(), with significant differences in all regions analyzed (Fig. 2: B). Additional data
supporting the influx of granulocytes into the reproductive tracts of T. vaginalis
inoculated mice were observed with EEL analysis by flow cytometry from identically
treated mice. Flow cytometry analysis showed a 25.4% increase in F4/80+ cells from T.
vaginalis inoculated mice over control-inoculated mice. A 36% increasejn RB68C.5+
cells was also seen in T vaginalis inoculated mice (data not shown).
Mice intravaginally exposed to T. foetus showed similar patterns of macrophage
influx into the reproductive tract. Flow cytometry analysis of reproductive tract EEL
demonstrated increases in Monts-4 positive cells in BALB/c/By mice 4 days after last
intravaginal inoculum of T. foetus. Increases from ~ 13% - 37% of Monts-4 positive
cells over those seen in control animals were seen in 2 separate experiments (Table EL).
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Fig. I: A-D: Intravaginal inoculation of 7. vaginalis in SCID mice elicits macrophage
infiltration of reproductive tract epithelium in the uterine horns (panels A and B) and in
the vagina (panels C and D). Mice were synchronized in estrous and inoculated with
IxlO6 7. vaginalis in 10 pi Diamond’s medium, (panels B. and D.) or 10 pi medium only
(panels A. and C.) on days 0 , 1, and 7. Mice were euthanized on day 10 and
immunohistochemistry was performed as described in Materials and Methods with MAb
F4/80.

Red arrows indicate areas of stained macrophages. Micrographs were prepared

of representative sections at 100X magnification.
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A

B

Fig. 2: A-B: Intravaginal inoculation of T. vaginalis in SCID mice elicits PMN
infiltration in the uterine horns. Mice were treated as described for Fig. I.
Immunohistochemisty was performed as described in Materials and Methods using MAb
SK208 (panel A = control, panel B = T. vaginalis inoculated). Red arrows indicate areas
of stained PMN. Micrographs were prepared of representative sections at IOOX
magnification.
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Fig 3: (A. B.) Increases in macrophage (A.) and PMN (B.) numbers in lower (vaginal),
middle (cervical) and upper (uterine) reproductive tract tissues exposed to T. vaginalis.
Counts of F4/80+ (A.) or SK208+(B.) cells were determined for 10 microscopic fields of
sections as described in Materials and Materials and Methods. Data are presented as
means (± SEM) cells/pm2. F4/80+ cells were enumerated in section fields for 2 mice in
control group (n =20) and 3 mice (n=30) in parasite exposed animals. SK208+ cells
were enumerated in section fields for I control (n=10) and 3 parasite exposed (n=20).
* indicates significant differences in means of controls vs. exposed (p < 0.05) by the
Student t test.
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Table P . Percent increases in Monts-4+ IEL after intravaginal inoculums of
Tritrichomonas foetus. *
Experimen

-Tf

+Tf

I

1.41

2.24

37.0

2

6.94

8.88
7.96

21.8
12.8

t#

%
increase in
Monts-4

*Numbers indicate the percent of reproductive tract IEL that were positive for Monts-4 as
determined by flow cytometry. Percent increase in Monts-4 is defined by the formula
[(% + of mice exposed to T.foetus (+TQ- % + in animals exposed to medium only (-Tf))/
(%+ of exposed mice (+Tf)] X 100.
** IEL from 2 mice per treatment group were analyzed.

Discussion

The described studies, although preliminary, present a number of important
observations and raise a number of questions. Prior to our investigation into the effect of
the stage of the estrous cycle on trichomonad infection, reliable models were generally
hormonally manipulated (3,4, 5, 6) or involved co-culture with lactobacillus (3). In our
studies, mice synchronized in their estrous cycle could be routinely infected with T.
foetus if inoculated during proestrus and estrus (Table I). However, mice infected during
diestrus, a stage characterized by PMN infiltration, routinely failed to become infected as
evidenced^ by a lack of recoverable T. foetus in vaginal washings. This observation was
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also noted in cages where monitoring of the estrus cycle by vaginal smears revealed
single mice that were slightly ahead in the cycle, therefore, causing the second inoculum
of parasites to be delivered during met- or diestrus. These mice often failed to become
infected (data not shown).
The presumed susceptibility to T. foetus infection during estrous and resistance to
infection during diestrus could be due to the predominant cells, comified epithelial vs.
PMN characterizing these stages (9). Bovine trichomoniasis often results in a chronic
inflammatory response, characterized by the presence of PMN (24,25) and macrophages
(26,27) in the epithelial layers of the reproductive tract. There is also one report
demonstrating the ability of bovine PMN to kill T foetus in vitro (28). Therefore, the
resistance observed in the murine model could be due to the overwhelming influx of
PMN which could presumably phagocytose the parasites or alternatively be activated to
release potent reactive oxygen or nitrogen intermediates, thereby, preventing the initial
colonization of the reproductive tract by the parasite.
Immuno-suppression with cyclophosphamide seemed to increase susceptibility to
T foetus infection, indicating the potential role of innate immunity in prevention or
resolution of T. foetus infection. However, the more interesting observation was the
recurrence of live parasites in vaginal washes from mice that had previously cleared the
infection, upon immuno-suppression with cyclophosphamide (Table I). This observation
raises a number of important considerations. Firstly, where were the parasites? There is
some evidence with bovine trichomoniasis that the uterus serves as a reservoir for
-\

infection although this has not been firmly shown (29,30). Another important question
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is whether or not mice were truly negative when infected during diestrus. Since
monitoring for evidence of infection occurred early in these studies, presumably the ■
parasites never became established. However, more studies need to be conducted in

•

which mice are infected during diestrus and treated with cyclophosphamide to see if
parasites are actually sequestered within the reproductive tract and under
immunocompromised conditions can be recovered in vaginal washings. Also studies
using MAbs and immunohistochemistry or in situ PCR using parasite specific primers
(31) to identity the exact location of parasites within sections of reproductive tracts are
needed to further understand the results observed here.
Mravaginal inocula of T. vaginalis failed to produce live parasites within vaginal
secretions. However, the use of routine intravaginal exposures to live T. vaginalis
provided an interesting model to investigate the effect of trichomonad antigens within the
reproductive tract. Multiple exposures to T. vaginalis resulted in significant increases of
PMN and macrophages (Fig. 1,2 and 3). Mice inoculated with live T foetus showed
similar patterns of PMN and macrophage influx. This is an important observation in
regards to STD transmission and pregnancy outcomes. T. vaginalis, like the presence of
other STDs, can increase predisposition to infection with human immunodeficiency virus
(HIV) (32,33). Why an increased incidence of HTV infection occurs is not known
although it has been postulated that it may be due to the parasite causing a local
accumulation of HIV-susceptible cells such as macrophages or lymphocytes (32).

If the infiltration of macrophages and PMN into the reproductive tract results in
activation of these cells, this could be a potential mechanism of pathogenesis leading to
preterm delivery or abortion (T. foetus). Inflammatory products of activated
macrophages, such as TNFa and nitric oxide (NO), can adversely affect pregnancy
outcomes (34, 35,36, 37,38). This is perhaps best demonstrated by the DBA/2 X CBAZJ
mouse which is susceptible to spontaneous abortions (34). Elevated expression of TNFa
was shown to correlate with pregnancy loss. This was also observed in experimental
leishmaniasis where TNFa and IFNy expression correlated with resistance to leishmania
challenge but with increases in fetal resorptions (39). Reactive nitrogen intermediates and
reactive oxygen intermediates produced by activated PMN are also detrimental to
pregnancy outcome (37,38). Whether or not products of parasites can directly activate
PMN and or macrophages for production of inflammatory agents will be the subject of
future investigations.
Collectively, our observations show for the first time the use of unmanipulated
mouse models to study infection characteristics and innate mechanisms of immunity to
trichomoniasis. The natural variations in architecture, antibody, and in cellular influx,
during the murine estrous cycle are often overlooked variables in STD studies (11). In
these studies, the mice were synchronized in their estrous cycle allowing confident
comparisons of numbers of leukocytes within treatment groups. Future studies in this
animal model should include experiments aimed at determining mechanisms of
pathogenesis in pregnant mice and the effects of immunization followed by challenge,
perhaps revealing mechanisms of protection.
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APPENDIX E

INDUCTION OF TNFa EXPRESSION IN MURINE MACROPHAGES BY
TRICHOMONADS AND KILLING OF TRICHOMONADS BY ACTIVATED
MACROPHAGES.

Introduction

The sexually transmitted trichomonads, Tritrichomonasfoetus and Trichomonas
vaginalis can adversely affect pregnancy. In cattle, the parasite can be abortifacient (I),
while the human pathogen is associated with pre-term delivery (2,3). The reason T.
foetus is abortifacient is not understood. Embryonic wastage could be a result of
inflammation (4), and there are inflammatory changes in the cow including vaginitis,
endometriosis, and pyometra (5). In addition, pathologic examinations of aborted fetuses
have shown evidence of macrophage influx via granuloma formation within fetal tissues
(I). Females infected with T vaginalis can present with vaginitis and purulent discharge
(3), thus, evidencing induction of inflammatory pathways also in humans.
From an immunological standpoint, viviparity in itself is an immunological
paradox. The maternal acceptance and response to pregnancy requires a harmonious
balance between the metabolic, endocrine, vascular, and immune systems (6). The
mechanisms by which the maternal immune system recognizes and subsequently protects
against microbial pathogens while avoiding a lethal immune response towards the fetus
are not well understood, although it is generally believed that successful pregnancy
involves predominance of a Th2 response (i. e. IL-4, IL-10), and unsuccessful pregnancy
results when a Thl response (IFNy and TNFa) dominates (7-12). Studies where human
PBMC isolated from women with recurrent spontaneous abortions (RSA), and from
women without a history of RSA exposed to trophoblast antigens showed natural

138

production of EL-10 and EL-4 in women not prone to RSA and the production of IFNy
and TNFjB in PBMC from women prone to RSA (12). Others have shown that maternal
recognition of feto-placental antigens can result in increased production of cytokines,
•such as TNFa5EFNy5and EL-2, whose presence can be detrimental to fetal survival (13).
This effect has been clearly demonstrated by the administration of exogeneous TNFa5
IFNy5or IL-2 which caused abortions in normal pregnant mice (14). The spontaneous
abortion-prone CBA/J X DBA/2 mouse model implicates NK cells and macrophages as
key players in the observed fetal resorption with the effector mechanisms involving
increases in nitric oxide and TNFa (9).
Immunodystrophic effects can also be seen if the maternal immune response is to
a pathogen, as is observed with experimental Leishmania major infections (15). In
C57BL mice, resistance to L. major infection is characterized by a strong Thl type
response to parasite challenge, (including IFNy and TNFa). Although this response
protected the animals from parasitic challenge these animals had significantly higher
occurrence of fetal resorptions compared to uninfected C57BL mice. Thus5the presence
of a pathogen that elicits maternal production of Thl type cytokines can adversely affect
pregnancy outcomes.
We have previously shown the production of IFNy through ex-vivo restimulations of T. foetus antigen-primed PBMC with UV irradiated T. foetus. We have
also shown by immunohistochemistry and flow cytometry analysis increases in numbers
o f macrophages in the reproductive tract intraepithelial leukocytes in mice that were
intravaginally exposed to live parasites compared to unexposed mice. Since EFNy is
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potent at priming macrophages for activation and subsequent production of inflammatory
cytokines and anti-microbial agents such as nitric oxide and TNFa5we wanted to
investigate if T foetus and or T. vaginalis could directly activate macrophages for the
production of TNFa. Real-time RT-PCR analysis of the murine macrophage line
J774A. I exposed to whole parasite antigens resulted in the direct production of TNFa.
Functional testing of TNFa activity in supernatants from parasite stimulated J774A. I
macrophages revealed evidence of TNFa protein secretion. In addition, the effect of
activated macrophages on live parasites was investigated and revealed an ability of
activated macrophages to suppress and or destroy live T. foetus.

Materials and Methods
Parasites and Antigens:

Tritrichomonasfoetus strains: A clone, MT85-330.1 (Tf330.1) from a Montana
strain originally isolated in 1985 and an isolate, obtained from the lung of an aborted
fetus, Tf99-324, were maintained in vitro at 370C using modified Diamond’s medium
(16) (pH 7.2) containing 5% donor calf serum, (Atlanta Biologicals, Atlanta, GA).
Trichomonas vaginalis strain: A clinical isolate, kindly provided by Dr. J. Swebke
(University of Alabama Medical Center), designated UAB5-1 was maintained in vitro at
37°C using modified Diamonds medium (pH 6.0) containing 10% fetal bovine serum
(Atlanta Biologicals, Atlanta, GA).
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For ultraviolet irradiated parasites (UV antigen), !foetus, or !.vaginalis were
pelleted at (400 g for 5 min) and resuspended at IxlO6 parasites/ml in complete RPMI
(RPMI1640,2 mM L-glutamine, and 25 pg/ml gentamicin sulfate containing 10% fetal
bovine serum). Four milliliters of this suspension were placed in a multi-channel
reservoir, and positioned 4" from a germicidal lamp (30W; G30T8, Osram Sylvania,
Danvers, MA), and irradiated for 20-25 minutes. Ablation of growth after irradiation was
confirmed by incubation in complete RPM I1640 overnight, followed by examination via
phase microscopy for motile parasites. Freeze-thaw antigen was prepared by
resuspending parasites at 1x107/0.1ml, snap freezing in liquid nitrogen, followed by slow
thawing at room temperature (3 times).

Cell Culture:
The murine macrophage cell line, J774A. I (ATCC, Manassas, VA) was
maintained in vitro in complete DMEM (4 mM L-glutamine, ImM sodium pyruvate,
containing 10% fetal bovine serum) at 37°C + 5% CO2 . Cells were harvested with
rubber policemen, seeded at IxlO6Zwell of 24 well plates (Falcon 3047, Fisher Scientific,
Pittsburgh, PA), and allowed to adhere overnight. J774A. I were activated with live
parasites, UV antigen, and freeze thaw antigen. Positive control wells received 50-100
ngLPS (fwm Escherichia coli serotype 0111:B4, Sigma, St. Louis MO) and 10-20 units
of murine IFNy (PeproTech Inc. Rocky Hill, NI), while negative control wells received
complete DMEM only.
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Reverse transcriptase polymerase chain reaction and real time polymerase chain reaction:
Reverse transcriptase (RT) followed by either polymerase chain reaction (PCR) or
real time PCR was used to determine the presence of mRNA for TNFa in J774A. I after
exposure to parasite antigens. Whole cell RNA was isolated (Purescript, Centra Systems
Inc., Minneapolis, MN), and Ipg of total RNA was converted to first strand cDNA at
37°C for one hour using a 50 pi RT mix containing 200 U Moloney leukemia virus RT
(M-MLV, Promega, Madison, WI), 10% RT buffer, I pg oligo-dt, and 200 nM each of
dNTPs (Stratagene, La Jolla, CA). Template cDNA was then subjected to PCR in a 20 pi
reaction mix employing intron-spanning primers for murine P-actin (185 bp product),
(sense) - 5’ TGT-TAC-CAA-CTG-GGA-CGA-CA 3’, (anti-sense)- 5’ GGA-TGG-CTACGT-ACA-TGG-CT 3’ and TNF a (254 bp product), (sense): 5’ GAT-CTC-AAAGAC-AAC-CAA-CTA-GTG 3' (anti-sense): 5’ CTC-CAG-CTG-GAA-GAC-TCCTCC-CAG 3% as previously described (17). The reaction mix contained 4 mM dNTPs,
0.625 mM MgClz, 0.1 nM, and I U Taq (Promega, Fisher Scientific) following a hot-start
procedure: 94° 5’ followed by 25 cycles (94° V, 54° 1’, 72°2’), and final extension 72°7’
(GeneAmp PCR system 9600, PE Biosystems, Foster City, CA). Products were analyzed
on a 1.5% agarose gel containing 12.5 ng of ethidium bromide/ml followed by digital
image analysis (IS-1000, Alpha Innotech Corp. San Leandro, CA). Real time PCR
employed a 50 pi reaction mix containing 2X SYBR Green, 25 mM MgCL, dNTPs (2.5
mM dATP, 2.5 mM dCTP, 2.5 mM dGTP, 5.0 mM dUTP), 0.6 U AmpliTaq Gold, 0.5 U
AmpErase UNG, and I nM each of forward and reverse primers for either murine
ribosomal subunit 18s. (18s),. or TNFa.. Intron-spanning. primers specifieally intended for
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use on GeneAMP® 5700 Sequence Detection System (PE Biosystems, Foster City, CA)
for 18s and TNFa were designed using Primer Express™ (PE Biosystems, Foster City,
CA): 18s (forward: 5’ ATC AGGGTT CGATTC CGG A 3 ’: reverse: 5’ TCCTTGGAT
GTG GTA GCC GT 3’), TNFa (forward: 5’ TCT TCT CAA AAT TCG AGT GAC
AAG C 3’ reverse: 5’ GGT GGT TTG CTA CGA CGT GG 3’).

Both primers resulted

in amplicons of 50bp.

Relative quantitation of PCR products:
Information collected from real time PCR was analyzed using the comparative Ct
method (PE Biosystems User Bulletin #2). Briefly, efficiencies of amplification of the
two primers were validated insuring that the efficiencies of target (TNFa) and reference
(18s) were approximately equal using the following information. The threshold cycle or
Ct indicates the fractional cycle number where the amount of amplified target reaches a
fixed threshold. ACt is then defined by the formula Ct^c-C t,r (where x = target or
TNFa, and R=reference, or 18s). The efficiencies of amplification are, therefore,
approximately equal if the absolute value of the slope of log input amount versus ACt
is less than 0.1. After validation of the primers, relative increases in TNFa were
analyzed by normalizing increases to an endogenous reference and relative to a calibrator
using the equation 2"MCT where AACt is defined by the formula ACt - ACt (calibrator)
(calibrator = media control). Results were expressed as n-fold differences in TNFa
expression in parasite stimulated J774A. I relative to unstimulated controls.
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Detection of functional TNF a protein:
Induction of functional TNF by J774A. I in response to live, UV irradiated, and
freeze thaw preps of T. vaginalis and T. foetus was measured by W EHI164 assay (18).
TNF-sensitive W EHI164 fibroblasts were plated at 2x105Zwell in a 96-well flat bottomed
microtiter plate (Falcon 3072, Fisher Scientific) and incubated for 4-6 hrs in a 37°C, 5%
CO2 humidified incubator. Media was aspirated, and 100 jul of actinomycin D sulfate
(500 pg/ml) was added to each well. Culture supernatants to be tested were added (100
plZwell), and any dilutions were made in complete DMEM. Recombinant human TNFa
(AIDS Reagent Program, NTH, NIAED) was used to generate a standard curve, and
negative control wells received complete DMEM. The plates were then incubated for 1820 hrs, medium removed, and detached cells removed by washing gently (2 times) with
warm Hanks balanced salt solution (Hanks) (400 plZwell). Monolayers were then fixed
in 5% formalin for 5 min, followed by staining with 0.5% crystal violet, in 25% ethanol,
and 0.85% NaCl (10 min). The stained cells were then washed in deionized water, dried
overnight, solubilized with 100 pi of 0.5% sodium dodecyl sulfateZO.OSM acetic acid
solution, and the optical density was read at 550 nm (THERMOmax, Molecular Devices,
Sunnyvale, CA). Percent cytotoxicity was calculated using the formula
(O P negative control - GD test') y
P D negative control

T.foetus killing assays:
J774A. I cells were plated at IXlO6Zwell in 24 well platesrancfallowedTo^dhere
overnight. Control unactivated or J774A. I cells activated with 50-100 ng LPS and 10-20
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U murine IFNy3were treated with live T. foetus (2x105). The state of macrophage
activation was monitored by measuring nitrite NO2" (19) using the Greiss assay. Briefly,
at 24 and 48 hrs of activation, 50 pl of culture fluid from each sample was collected and
transferred to wells of a 96-well flat bottom microtiter plate. Serially diluted sodium
nitrite (NaNO2, 125-1 pM) (Sigma) standard was also added to the microtiter plate (50
pl/well), and 50 pi of each Greiss reagent solution (1% sulfanilamide/2.5% phosphoric
acid (H3PO4 ) and 0.1% naphthylethylenediamine dihydrochloride/2.5% H3PO4) was
added to the samples and standards. Absorbance was read at 550 mn (THERMOmax,
Molecular Devices), and the absorbance values of test samples were plotted against a
standard NaNO2 curve in order to determine the amount OfNO2" (pM) in the samples.
After evidence of activation, live T foetus were counted by microscopic evaluation using
a hemacytometer.
Two-color flow cytometry analysis was used to investigate macrophage/parasite
interactions.

J774A. I were plated, activated, and monitored for state of activation as

previously described with one major difference. Live T. foetus were directly labeled with
the lipophilic membrane dye Dil (5 pM75xl06 T.foetus) (Vybrant™ Multicolor Cell
Labeling Kit, Molecular Probes, Eugene OR), which emits in the FL-2 channel (X 550600), as suggested by manufacturers protocol in serum free DMEM for 5 minutes. After
labeling, parasites were washed by centrifugation (400 xg, 5 min), resuspended in
complete DMEM (2x105/. I ml) and added to J774A.1. For shorter incubations, J774A.1
were placed into sterile 12x75 mm-round bottom tubes. Pre-Iabeled (Dil) parasites were
added to the tubes and gently centrifuged (400 x g, 5 min) to place the parasites in direct
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contact with the macrophages. Mixtures of macrophages and parasites were then labeled
with FDA, washed, and analyzed by flow cytometry.

Results
Expression of TNFa message:
TNFa message was expressed in murine macrophage line J774A. I in response to
exposure to trichomonad antigens. Real time RT- PCR, employing validated TNFa, and
18s primers and the comparative Ct method (Materials and Methods) demonstrated
relative increases in TNFa. Exposure of J774A. I to T. vaginalis UV antigen for 2 hours
resulted in ~ 4-12 fold increases in TNFa expression as compared to unstimulated control
J774A.1 (Fig. I, A., B.). The relative increases in TNFa were also dose-dependent, as
evidenced by a ~2-fold greater TNFa message after exposure to 5X105 UV antigen
compared to exposure to 2X105 UV antigen. Exposure of J774A. I to live parasites
resulted in ~ 9-fold increase in TNFa. Increases in TNFa message were also detected in
J774A.1 after exposure to T. vaginalis freeze-thaw antigen (data not shown).
The effects of exposure of J774A. I to T. foetus antigens were also investigated.
TNFa messages were detected in J774A.1 by RT-PCR after I hr exposure to live T.
foetus (data not shown). Relative quantitation of TNFa messages by real time PCR
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A

B

Fig. I : A-D: Fold increases in TNFa message produced by stimulation with T. vaginalis
(A., B.) or T foetus (C.) as detected by real time PCR. Total RNA was extracted after 2hr stimulation with the following: media only, 50 nM LPS/10U murine IFNy, or parasite
antigens (UV irradiated or live), converted to cDNA and subjected to real time PCR.
Data was analyzed using the comparative Ct method as described in Materials and
Methods. In two separate experiments using T. vaginalis parasites, the fold increase in
TNFa message ranged from -4.5-12 in wells stimulated with SxlO3 UV. Live T.
vaginalis ( IxlO6) also caused an - 10 fold increase in TNFa expression. The induction
of TNFa in response to UV T. foetus in 2 separate experiments (C , D.), was -2- 8
independent of the number of T. foetus used as stimuli. LPS/IFNy stimulated J774A. I
had fold increases in TNFa ranging from -40 (A.) to over 200 (C).
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showed increases in TNFa message after 2 hr exposure to T. foetus UV antigen (Fig. I,
C.,D.). The increases in TNFa expression were ~2- 8 fold and didn’t seem to be dose
dependent.

Bioassav for TNF:
Functional TNF secretion was detected in supernatants collected from J774A. I
stimulated with live trichomonad parasites or UV antigen. Bioassay of supernatants
collected from J774A. I after 24 hr exposure to live T. vaginalis demonstrated production
of functional TNFa (Fig. 2). Percent cytotoxicity was over 50% in supernatants collected
from J774A.1 exposed to 2-3 XlO5 T. vaginalis (maximum was 53%). However,
cytotoxicity was also evident, although greatly reduced, in supernatants from J774A.1
stimulated with IxlO5 Tl vaginalis. In addition, the sub-cellular freeze-thaw T. vaginalis
resulted in production of functional TNFa (~ 30% cytotoxicity) with IxlO5 parasite
equivalents.
T. foetus antigens also stimulated the production of TNFa by J774A.1 (Fig. 3)
However, live T. foetus failed to consistently produce functional TNFa as measured by
W EHI164 assay. However, exposure of J774A. I to UV antigen did lend to production
of functional TNFa (% cytoxicity ~15 data not shown) and pre-treatment of UV antigen
with a monoclonal antibody 32.3B3.5, which recognizes a cell surface adhesin molecule
Tfl90, increased production pf functional TNF (Fig. 3, % cytotoxicity from -30-55%).
■'I
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IFN+LPS

3x105TV

2x105TV

1x105TV

5x10 TV

Fig. 2: Induction of functional TNF by J774A. I macrophages in response to live T.
vaginalis as measured by WEHI 164 assay. Numbers on the X axis indicate live numbers
of parasites incubated with J774A. I cells. Culture supernatants from control (media
only), LPS/IFNy, or parasite stimulated J774A. I macrophages were collected 24 hr. after
exposure to activators. Dilutions of supernatants (1:2-1:16) were plated onto actinomycin
treated WEHI 164 fibroblasts and functional assay was performed. Maximum
cytotoxicity was 88.5% with LPS/IFNy and 53% with T. vaginalis (3xl05).
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LPS/IFNg
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Fig. 3: Induction of functional TNF by J774A. I macrophages in response to 3B3.5
treated UV 7’foetus, as measured by WEHI 164 assay. UV I. foetus were incubated with
~0.5pg of anti-Tfl90 MAb 32.3B3.5 for 30 min on ice prior to being added to J774A.1.
Numbers on the X-axis indicate numbers of parasites incubated with J774A. I cells.
Culture supernatants from control (media only), LPS/IFNy, or parasite-stimulated
J774A. I macrophages were collected at 8 and 32 hr. after exposure to activators.
Supernatants (1:2) were plated onto actinomycin treated WEHI 164 fibroblasts and
functional assay was performed. Maximum cytotoxicity was 94.2% with LPS/IFNy and
59.5% with T. foetus (5x104 at 32 hrs).
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Effect of activated macrophages on T. foetus growth:
The effect of activated macrophages on the growth of T. foetus was investigated.
J774A. I activated with LPSZDFNy suppressed the growth of T. foetus compared to
unstimulated J774A.1, as determined by phase contrast microscopy and hemacytometer
counts. After 50 hours of culture, hemacytometer counts indicated no growth of parasites
in the activated wells (Fig. 4); however, in wells without activators, parasite numbers .
increased from 2X104 to ~ 1.5X106. In a separate experiment, activated wells that had
suppressed parasite growth were assayed for the presence of NOa'. The results of these
experiments indicated NOa' production at ~30 pM in activated wells and ~ 3 pM in wells
without activators.
To further investigate whether the lack of T. foetus growth in the activated wells
was due to retardation of growth or to actual killing of T. foetus, initial studies
investigated exogenous additions of known microbicidal agents produced by
macrophages. Analysis of the effect of NOa on the growth of T. foetus revealed dose
dependent parasite sensitivity to NOa" as determined by hemacytometer counts of live
motile parasites by phase microscopy. Parasites seemed to tolerate rather high amounts
of sodium nitroprusside but were sensitive to levels above I mM (data not shown). In
separate, assays, T. foetus responded in a dose-dependent manner when exposed to
exogenous HaOa. Viability was determined by flow cytometry analysis of dual labeled
parasites (Fig 5). The percentage of live parasites was dramatically decreased as the
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amount of added H2O2 increased. At 11 jxM there was greater than 70% viable parasites,
but at 22 pM there was a decrease of over 50% in viable parasites (Fig.5: G, H).

IFN+ LPS
no act

Hours

Fig. 4: Effects of activated J774A. I macrophages on T. foetus. Macrophages were
treated with medium (control, no act) or IFN + LPS for 24 hrs, and 2X104 parasites were
added to each well. Viable parasite numbers were determined by hemacytometer counts
for triplicate wells at the times indicated and are expressed as means counts ± SD
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Fig. 5: Effect OfH2Oa on T. foetus (Tf) viability. Tf were pre-labeled with DiI and
cultured in the presence OfH2O2 for I hr at 37°C, labeled with FDA, and analyzed by
flow cytometry. Numbers indicate % labeled with DiI only (A) unlabeled Tf-1%, (B)
DiI labeled T f-98%, (C) FDA label -0%, (D) DiI + FDA Tf-2%, (E) DiI + FDA Tf+ 88
pM H2O2-92%, (F) DiI + FDA Tf+ 44 pM H20 2-87%, (G) DiI + FDA Tf+ 22 juM
H20 2-79%, (H) DiI + FDA Tf+ 27 pM H20 2-27%.
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Flow cytometry analysis of Dil -labeled T. foetus that were incubated with
activated J774A.1, harvested at 2 hrs of incubation, and stained for viability with FDA, as
described in the materials and methods section, yielded somewhat surprising results.
Dual fluorescence was seen in J774A.1 that were activated and in the absence of
activators (Fig.6). Analysis of parasite populations revealed a dramatic absence of
parasites in the samples harvested from activated J774A.1, as compared to parasites co
cultured with un-activated macrophages (Fig. 6; I vs. J). After flow cytometry analysis,
samples were analyzed by fluorescent microscopy (40X) and the results demonstrated
evidence of phagocytosis of parasite material (Fig. 7), indicating rapid uptake of parasite
debris.
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Fig. 6: Flow cytometry analysis of T. foetus (Tf) co-cultured with J774A.1 demonstrating
destruction of parasites by activated macrophages. Acquired results were gated on
parasites. (A) Tfonly (B) DiI labeled Tf(C) Dual labeled T f DiI + FDA (D) FDA
labeled Tf (E) scatter profile of Tf (E) scatter profile of macrophages (F) scatter profile of
macrophages + Tf (G) scatter profile of activated macrophages + Tf (H) macrophages +
Tf (I) activated macrophages + Tf (J).
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A.

Fig. 7: Phagocytosis of parasite material by activated J774A.1. Macrophages were
activated for the short-term assays and DiL labeled parasites were added as described in
Materials and Methods. Cells were centrifuged and incubated 2 hrs. After flow
cytometry analysis (Fig. 6), samples were examined by fluorescent microscopy (A.) and
phase contrast (40X). Note evidence of parasite material within a cluster of macrophages
(arrows panel A.)
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Discussion

In the current study, we have observed by real time RT-PCR and W EH 164 assay
the direct induction of TNFa message and protein, respectively, in the murine
macrophage line J774A. I upon exposure to live and UV irradiated trichomonads (Fig. 13). Since macrophages are known producers of TNFa, these results support and extend
the previously documented pathology of granuloma formation during T. foetus infections
in which macrophage infiltration was a dominant feature (I). Previous studies have
shown that PBMC from cattle immunized with antigens of T foetus produce IFNy (20)
when restimulated with UV T. foetus ex vivo. In the current study, we observed the
ability of activated macrophages (NO and TNFa production being indicative of
activation) to suppress parasite growth and destroy live T. foetus (Fig. 5). How this
destruction occurs is not known, although it could involve phagocytosis (Fig 6) or
extracellular parasite destruction by soluble factors produced by activated macrophages,
such as NO or H2 O2 (21,22). Results of experiments in which exogenous H2 O2 and
sodium nitroprusside were added to live parasites showed these substances caused a
reduction in parasite growth (sodium nitroprusside) or killing (H2 O2 , Fig. 5).
Macrophages are important in. orchestrating communications between innate and
acquired immunity (23,24). The observation that trichomonads can directly induce
TNFa is important due to the established associations of TNFa'with negative outcomes
of pregnancy and due to its relationship to NO production, yet another macrophage
product associated with negative outcomes in pregnancy (8,11,26). TNFa provides one

o f two necessary signals for NO production by macrophages, the second signal being
provided by IFNy (24). There is good evidence that NK cells in the reproductive tract
can adversely affect pregnancy outcomes (27). From the innate immunity standpoint, NK
cells of the reproductive tract could provide the IFNy signal, and parasite antigens could
provide the TNFa signal. The resulting NO could either eliminate the parasite or prove
to be detrimental to fetal survival, as does maternal NO production, which can contribute
to early pregnancy loss (8). Also, other inflammatory products of activated macrophages,
such as IL-I(3 or IL-6, may contribute to pregnancy loss.
Earlier studies have shown that PBMC from T. foetus antigen primed animals
produce IFNy in response to re-exposure to antigen. Additional data in mouse models
where animals were subcutaneously primed with live T. foetus and analyzed for the
presence of IFNy protein by intracellular cytokine staining showed increases of EFNy in
antigen- primed spleen cells over control animals when exposed to UV antigen in vitro.
In separate mouse models, we have also observed an influx of macrophages into regions
of the reproductive tract upon exposure to both types of trichomonads. Collectively,
tissue influx of macrophages, IFNy signaling originating from T cell response to parasite
antigen, and macrophage production of TNFa directly induced by parasites could provide
a means for primed immunized animals to quickly respond to and eliminate parasites.
The question, however, remains as to whether this response would be wholly desirable.
The fact that T. foetus and T. vaginalis are STDs in which the symptoms of concern are
abortion and pre-term delivery, respectively, calls into question whether or not the
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described mechanism, although potentially protective, would actually be detrimental to
pregnancy survival.
An important observation was made with TNFa production by J774A. I in
response to live T. foetus parasites. Although the message for TNFa could be observed
after 1-2 hour exposure of J774A. I to live parasites, the detection of functional TNFa
protein was not always evident (data not shown) and was much more consistent when UV
antigen was used. This observation raises some important questions. Firstly, is the
observed TNFa message being transcribed into a functional protein? If the protein is
being synthesized, then is the lack of consistent detection due to the parasite’s numerous
proteases (28) that are known to be able to degrade even parasite-specific antibodies (29)
allowing for degradation of this inflammatory cytokine? The assays are setup to collect
supernatants at 24-48 hours. At this point, the live T foetus have undergone a few rounds
of division (Fig. 4). If T. foetus can degrade TNFa protein, this could in fact be a means
of evading a potential effector immune response. The parasite is not susceptible to
killing by exogenous TNFa protein (data not shown); therefore, if it degrades TNFa
protein it may circumvent an NO response, to which it is susceptible. Another important
issue is the absence of definitive evidence that the cytotoxicity observed in the WEHI164
assays is due solely to TNFa because the assay in absence of a neutralizing murine
TNFa antibody cannot distinguish between the presence of TNFa or TNF(3 (18). Since
TNFp is also produced by macrophages and is also a pro-inflammatory cytokine, it may
very well be causing some of the observed cytotoxicity.
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Regardless of the overall outcome, protective or pathogenic, these studies reveal
links between the adaptive and innate immune responses and define for the first time a
mechanism of pathogenicity triggered by trichomonads and previously shown to be
capable of adversely affecting pregnancy outcomes. Future studies should include use of
mouse models to study the effect of macrophage/parasite interventions and investigate if
TNFa production occurs in vivo, as well as determination of the effects of parasite
antigen priming on macrophage activation.
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