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Abstract

African trypanosomiasis is caused by the protozoan parasite Trypanosoma brucei, transmit-
ted between mammals by the bite of a tsetse. It has been recently shown that parasites
accumulate in large numbers in various organs and tissues, including the mouse testis.
Whether parasites are protected from the immune system in the male reproductive organ or
can be transmitted through sexual route remains unknown. Here we show that parasites
can be detected by fine needle aspiration cytology of the male reproductive system in mice,
and histopathological analysis revealed that T. brucei accumulates in the stroma of the epi-
didymis, epididymal adipose tissue and fibrous tunics of the testis. No parasites were found
in the lumen of intact epididymal ducts or seminiferous tubules of the testis, indicating that
the large majority of the parasites are not located in immune-privileged sites. In fact, these
parasites are associated with marked inflammatory cell infiltration, parasite degeneration,
and severe tissue damage and rupture of epididymal ducts, which may be related with
reduced fertility. Overall, we show that just like in the bloodstream and most other tissues, in
the male reproductive organs, T. brucei are exposed to a strong immune response. The
detection of a very high number of parasites in this organ and its accessibility opens the pos-
sibility of using fine needle aspiration cytology as a complementary diagnostic tool in Animal
African Trypanosomiasis.

Author summary

The protozoan parasite Trypanosoma brucei is the causative agent of African trypanosomi-
asis in humans (sleeping sickness) and animals (nagana). In male animals, natural infec-
tion is commonly associated with decreased fertility but the causes for this condition
remain poorly understood. Interestingly, in mouse experimental infections, parasites
accumulate in the male reproductive organs. Here we show that these parasites are not
protected by the tissues’ specialized barriers. As a result, parasites elicit a severe immune
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response that leads to parasite elimination, but also causes damage to the host tissues. This
damage may be associated with reduced fertility in naturally infected animals and may
also hinder treatment. Moreover, the presence of large numbers of parasites in an organ
that is easily accessible by aspiration cytology could provide for a novel diagnostic tool in
Animal African Trypanosomiasis.

Introduction

Human African Trypanosomiasis (HAT), also known as sleeping sickness, is caused by the
protozoan parasite Trypanosoma brucei [1]. HAT evolves through different clinical stages and
often leads to death if left untreated. It is broadly characterized by an early/hemolymphatic
stage and a late/encephalic stage. There are two sub-species that infect humans: T b. gambiense
causes a chronic form of sleeping sickness and is endemic in West and Central parts of sub-
Saharian Africa, accounting for approximately 97% of the cases; T. b. rhodesiense causes a ful-
minant, acute disease and is mainly found in east Africa [2]. Cattle are also affected by Animal
African Trypanosomiasis (AAT, commonly known as nagana), which generally involves fever,
emaciation and anemia, and which can be fatal if left untreated [3]. In cattle, AAT is mainly
caused by T. congolense and T. vivax. T. b. evansi also causes significant pathology, while T.
brucei subspecies probably play a minor role. AAT is one of the most important infectious dis-
eases that limit livestock production in sub-Saharan Africa, with an estimated cost in Eastern
Africa of US$2.5 billion [4].

T. b. brucei, T. congolense and T. vivax are mainly cyclically transmitted by tsetse flies (Glos-
sina species) in sub-Saharan Africa. T. b. evansi is transmitted mechanically by hematophagous
biting flies of the genera Tabanus and Stomoxys [5], while T. equiperdum (which infects mainly
horses and donkeys) is sexually transmitted. The evidence of sexual transmission among other
trypanosome species remains scarce. A single case report of possible sexual transmission of T.
b. gambiense in humans has been described [6]. This type of transmission has been also
observed in mice infected with T. b. gambiense [7].

Studies in animal models of T. b. brucei infection show that these parasites circulate in
blood, lymph, and are present in the interstitial space of several organs and tissues, including
adipose tissue, skin and testis [8-12]; in these animal models, like in humans, eventually T. b.
brucei parasites invade the central nervous system (CNS) and circulate in the cerebrospinal
fluid (CSF) [1]. Presence of replicating T. b. brucei parasites in the male reproductive organs
has also been described in other animals (rats, guinea pigs and rabbits) [13]. Recently, it was
proposed that the accumulation of T. b. brucei in the male reproductive organs could protect
parasites from the immune system and from drugs [11].

In the male reproductive system, spermatozoa are produced in the seminiferous tubules, in
the testis, and their maturation is completed in the epididymis, where they are stored. In these
two main organs of the male reproductive system, specialized tissue barriers maintain the
sperm inaccessible to the immune system. The blood-testis barrier and the blood-epididymis
barrier consist of tight-junctions between the cells that line the seminiferous tubules and epi-
didymal ducts, blocking the migration of inflammatory cells into the lumen of the tubules and
ducts and the migration of sperm and germ cells in the opposite sense, into the stroma of these
tissues. This prevents meiotic and post-meiotic haploid cells from being recognized by the
immune system as non-self, which is essential to avoid phagocytosis and elimination of sper-
matozoa and germ cells. A disruption of these barriers generates a foreign body reaction/gran-
uloma and commonly leads to infertility [14,15].
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Reproductive organs are often affected during trypanosomiasis in both male and female
animals [16]. In male animals infected with the T. b. brucei, testis show multiple lesions,
including scrotal dermatitis, orchitis and periorchitis. Parasites invade several compartments
of the genitalia, inducing a granulomatous inflammation, which results in poor quality semen.
Animal infections by T. vivax and T. congolense are also associated with infertility but probably
by a different mechanism, since in these infections inflammation of the genital organs is mild
or absent, but there is progressive testicular degeneration that can result in atrophy and azoo-
spermia [17]. Reproductive health in men infected with T. b. gambiense or T. b. rhodesiense is
not so well documented. Apted ef al. described that infected men may show signs of impo-
tence, gynecomastia (enlargement of the glandular tissue of the breast), infertility or sterility
[18]. Loss of skin hair and reduction of testicular volume have also been described in male
patients infected by T. b. gambiense [19]. Disorders in reproductive health of females are better
characterized in both humans and animals and include irregular estrous cycle, infertility and
sterility. Infection during pregnancy may lead to fetal death, abortion, still birth and neonatal
death [17].

In this work we investigated the topographical distribution of T. b. brucei in the male repro-
ductive system of the mouse. Through morphological and molecular techniques, we found
that T. b. brucei accumulates outside seminiferous tubules and epididymal ducts, in niches that
are not protected by the blood-testis, nor blood-epididymis barriers. These niches showed
severe inflammation that, at later stages of infection, was associated with disruption of both
barriers. A possible consequence of this disruption could be the passage of parasites into the
luminal compartments, with shedding of parasites in the semen, allowing for occasional trans-
mission through sexual route.

Methods
Ethics statement

All animal experiments were performed according to EU regulations and approved by the Ani-
mal Ethics Committee of Instituto de Medicina Molecular-Jodo Lobo Antunes (iMM),
(AEC_2011_006_LF_TBrucei_IMM). The animal facility of iMM complies with the Portu-
guese law for the use of laboratory animals (Decree-Law 113/2013); and follows the European
Directive 2010/63/EU and the FELASA (Federation of European Laboratory Animal Science
Associations) guidelines and recommendations concerning laboratory animal welfare.

Animal experiments

All infections were performed in wild-type male C57BL/6] mice, 6-10 weeks old (Charles
River, France), through intraperitoneal injection of 2,000 Trypanosoma brucei brucei AnTat
1.1° 90-13 parasites. Except for ambiguous cases, from now on, we will refer to Trypanosoma
brucei brucei simply as T. brucei. For parasite counts, blood samples were taken daily from the
tail vein. Animals were sacrificed by CO, narcosis and immediately perfused. Organs/tissues
of infected mice were collected at days 6, 13, 20, 25 and 27 post-infection. Organs were snap
frozen in liquid nitrogen (for parasite DNA quantification), fixed in 10% neutral-buffered
formalin (for histopathological analysis) or in glutaraldehyde (for Transmission Electron
Microscopy). For fine needle aspiration cytology (FNAC), mice were positioned in dorsal
recumbence and a 21-gauge needle connected to a 5 mL-syringe was halfway inserted into
each testis and epididymis, which were gently aspirated; the withdrawal fluid was smeared, air-
dried, immunostained for VSG and examined under light microscopy (see below). The num-
ber of mice used in this study were 4 to 6 per time-point (days 6, 13, 20, 25, 27 and 41) for his-
topathology; 6 to 9 per time-point (n = 3 for control, non-infected mice) for quantitative PCR;
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2 per time-point (days 6, 9 and 17) for FNAC; and 2 for Transmission Electron Microscopy
(day 27).

Histopathology and electron microscopy

Bulk-fixed testis, epididymis and epididymal adipose tissue were paraffin-embedded. 4 pum sec-
tions were stained with Hematoxylin and Eosin and routine histological analysis was per-
formed in a Leica DM2500 microscope coupled to a Leica MC170 HD microscope camera.
Immunohistochemistry for the identification of trypanosomes and inflammatory cells (T lym-
phocytes and macrophages) was performed using a non-purified rabbit serum anti-T. brucei
VSG13 antigen (cross-reactive with most T. brucei VSGs because it is not CRD-depleted, pro-
duced in-house), a non-purified rabbit serum anti-T. brucei H2A [8], CD3 (Dako, A0452) and
F4/80 (Abcam, ab6640), following conventional protocols. Briefly, for antigen retrieval slides
were treated in a PT Link module (DAKO) at low-Ph, followed by incubation with the primary
antibodies. EnVision Link horseradish peroxidase/DAB visualization system (DAKO) was
used and counterstained with Harris hematoxylin. Semi-quantification of inflammatory cell
response was performed using a 5-tier system with 0-4 grading scale: 0, absent; 1, minimal; 2,
mild; 3, moderate; 4, marked. The smears obtained from FNAC were immunostained with
anti-T. brucei VSG13 antigen, following the same protocol described above, omitting the anti-
gen retrieval step.

For Transmission Electron Microscopy, samples were fixed with a solution containing 2.5%
glutaraldehyde (Electron Microscopy Sciences, EMS) plus 0.1% formaldehyde (Thermo
Fisher) in 0.1 M cacodylate buffer (Sigma), pH 7.3 for 1 h. After fixation, these were washed
and treated with 0.1% Millipore filtered cacodylate buffered (Sigma), post-fixed with 1% Milli-
pore-filtered osmium tetroxide (EMS) for 30 min, and stained en bloc, with 1% Millipore-fil-
tered uranyl acetate (Agar Scientific). Samples were dehydrated in increasing concentrations
of ethanol, infiltrated and embedded in EMBed-812 medium (EMS). Polymerization was per-
formed at 60°C for 2 days, and ultrathin sections were cut in a Reichert supernova microtome,
stained with uranyl acetate and lead citrate (Sigma) and examined in a H-7650 transmission
electron microscope (Hitachi) at an accelerating voltage of 100 kV. Electron micrographs were
obtained using a XR41M bottom mount AMT digital camera (Advanced Microscopy Tech-
niques Corp).

Parasite quantification

Testis and epididymis were snap frozen in liquid nitrogen. Genomic DNA (gDNA) was
extracted from a known mass of tissue using NZY tissue gDNA isolation kit (NZYTech, Portu-
gal). Quantitative PCR (qPCR) was performed on an ABI StepOnePlus real-time PCR machine
and data was analyzed with the ABI StepOne software. Parasite quantification was performed
as described in [8]. Briefly, the measured amount of T. brucei 18S rDNA present per milligram
of organ/tissue was converted into number of parasites using a calibration curve. The detection
limit was established by applying the same protocol to naive mice.

Statistical analysis

Statistical analyses were all performed in the free software R: http://www.rproject.org. To
assess if parasite density at a late phase was higher than parasite density at an early phase in
each organ, we made comparisons between the numbers of parasites per mg of organ at days 6
and 28 post-infection using a Wilcoxon rank-sum test. To determine if parasite density was
higher in epididymis than in testis for both early and late stages of infection, we compared epi-
didymis and testis numbers of parasites per mg of organ using a Wilcoxon signed-rank test. At
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least two independent experiments were considered in each case and statistical significance
was set to o = 0.05 level. Data were analyzed after logarithm transformation.

Results
Parasites can be detected by fine needle aspiration cytology

Fine needle aspiration cytology (FNAC) has long been used to diagnose reproductive pathology
in man and animals. In this procedure, a needle is inserted into the external male reproductive
organs and, upon gentle aspiration, cells are retrieved from all tissue compartments, smeared
and visualized under a microscope. If T. brucei parasites accumulate in the reproductive organs
of a mouse in high amounts, FNAC should allow us to detect parasites. To test this hypothesis,
we performed FNAC of the testis in the well-established C57BL/6] mouse model infected with
the pleomorphic clone AnTaT 1.1% [8] for 6, 9 and 17 days (parasitemia ranged from 1.13x10° to
9.3x10” parasites/mL). The procedure was repeated for each one of the paired organs. All smears
showed parasites admixed with germ cells, spermatozoa, epithelial and inflammatory cells, at all
time-points and for all mice (Fig 1). The total number of parasites per field was already very high
at day 6, with an average of 20 trypanosomes per high-power field throughout infection.

These findings confirm that T. brucei parasites accumulate in the male reproductive organs,
as previously observed for natural T. brucei infections in goats and rabbits [13,20], and in
experimental infection by T. brucei in mice [11]. Moreover, we show that FNAC is sensitive
enough to detect and visualize parasites in male reproductive system of infected mice.

Parasites are not protected by the blood-testis and blood-epididymis
barriers

Male reproductive organs consist of different compartments. To better understand the distri-
bution of T. brucei in the male reproductive organs, we mapped parasite infiltration
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Fig 1. T. brucei parasites in aspirates of murine male reproductive system. Smears obtained by fine needle
aspiration cytology (FNAC) of the mouse male reproductive system, at days 6, 9 and 17 post-infection showing
numerous trypanosomes (black arrow); occasionally parasites undergoing cell division were also seen (black
arrowhead). Anti-VSG immunohistochemistry of the male reproductive organs of T. brucei-infected mice (n = 2 per time-
point), DAB counterstained with hematoxylin. Upper panel, original magnification 20x; lower panel, original
magnification 40x (bar, 100um and 50um, respectively).

https://doi.org/10.1371/journal.pntd.0006690.¢001
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throughout the course of infection. Fig 2A shows the general histological features of the exter-
nal male reproductive organs, which are composed by the testis and epididymis. The epididy-
mis consists of epididymal ducts, which store, mature and transport the newly formed
spermatozoa (Fig 2B); while the testis consists mainly of seminiferous tubules, in which sper-
matozoa are produced (Fig 2C) [21]. Epididymis and testis are circumscribed by adipose tis-
sue, the epididymal adipose tissue, which is an extension of the gonadal adipose tissue (Fig
2A), a major reservoir of T. brucei parasites [8]. Here we used immunohistochemistry (IHC)
with a non-purified anti-pan VSG antibody to analyze the presence and distribution of try-
panosomes at different stages post-infection, in the testis, the epididymis and the epididymal
adipose tissue.

On day 6 post-infection we detected numerous parasites in the epididymal adipose tissue
(Fig 2D), which is in fact an extension of the gonadal adipose tissue where trypanosomes were
already seen to accumulate, corroborating that T. brucei infiltrates this tissue since very early
in the infection [8]. Many parasites were also found in the epididymis, and this accumulation
increased with time (Fig 2D). Here, parasites were detected in the stroma (corresponding to
the orange region in Fig 2B), but not inside the epididymal ducts (yellow region in Fig 2B);
and few parasites were also observed to infiltrate the tunica albuginea (the fibrous capsule that
encloses the testis). Unlike a previous study [11], but consistent with observations in rats
infected by T. brucei [22], we did not find parasites in the testis (neither inside nor outside the
seminiferous tubules) (Fig 2D). On days 13, 20, 25 and 27 post-infection, the topography of
parasite distribution was maintained, including the lack of infiltration of the testis. The only
parasites occasionally observed in the testis were located inside blood vessels and solely at day
6 post-infection, corresponding to the highest peak of parasitemia.

It has been previously proposed that the blood-testis and the blood-epididymis barriers
[15] could protect trypanosomes residing in the male reproductive system [11]. If this was the
case, we would have expected to find many parasites inside seminiferous tubules (in the testis)
or epididymal ducts (epididymis). Given that we did not find trypanosomes in any of these
compartments, our observations indicate that, in the male reproductive organs, most parasites
reside outside the tissue’s specialized barriers and are therefore visible to the immune system.

To quantify parasite density at early and late stages of the infection we used trypanosome
genomic DNA as a proxy of the number of parasites. Parasite density was quantified at days 6
and 27 post-infection in the epididymis and in the testis (comprising seminiferous tubules and
supporting stroma, enclosed by the fibrous tunica) (Fig 3). In the testis, parasite density was
very close to background level, supporting the histological observations. Epididymis had
higher parasite density than testis, for both the early and late stages of infection (Wilcoxon
test, p < 0.05). As previously observed through histological and immunohistochemical analy-
ses (IHC), in the epididymis parasite density increased 100-fold over time from 1.000 para-
sites/mg to 100.000 parasites/mg (Wilcoxon test, p < 0.001).

Overall, we conclude that the male reproductive system is an important site for accumula-
tion of trypanosomes but, in our experimental setting, the testis had virtually no parasites. The
great majority of parasites was located in the stroma of the epididymis and in the surrounding
epididymal adipose tissue, hence not protected by the tissue’s specialized barriers.

Infection is associated with marked local inflammatory response and tissue
damage
If parasites are not protected by blood-testis or blood-epididymis barriers, they should be tar-

geted by an immune response. Indeed, in the histological analysis performed above (Fig 2D)
we observed a significant increase in cell density in the stromal compartment of the epididymis
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Fig 2. Histological features and parasite distribution in the male reproductive system. A. Graphical representation and histological image of the external
organs and tissues of the male reproductive system in the mouse (naive, non-infected), corresponding to testis, the fibrous tunics that enclose the testis (tunica
albuginea and tunica vaginalis), the epididymis, epididymal adipose tissue, and scrotum (skin) that confines all these organs/tissues. B. High magnification of the
epididymis, which consists in ducts lined by a monolayer of epithelial cells (green). Tight-junctions in the apical side of these cells (black line) form the blood-
epididymis barrier, which protects the numerous spermatozoa present in the lumen of epididymal ducts (asterisk, yellow). The stromal compartment
(interstitium, orange), corresponding to connective tissue that contains blood vessels, is outside the blood-epididymis barrier. Immune cells (pink) also localize in
the basal half of the intercellular space of the epithelia. C. Testis are composed by seminiferous tubules, lined by Sertoli cells (green). These cells are connected by
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tight-junctions (black line), forming the blood-testis barrier. The barrier protects spermatids and spermatozoa that accumulate in the lumen of the tubules
(asterisk, yellow) from being recognized by the immune system. Outside the barrier is the stromal compartment (interstitium, orange), corresponding to
connective tissue that contains blood vessels and Leydig cells. D. In the epididymis, parasites were detected inside the vessels (black arrow) but the great majority
were extravascular, localized in the stroma (#) surrounding the epididymal ducts. No parasites were observed in the lumen of these ducts (asterisk). The testis had
in general very few parasites. No parasites were found inside the seminiferous tubules (asterisk) nor in the stromal compartment (#) throughout the course of the
infection, although at day 6 few trypanosomes were detected inside the vessels of the stroma of the testis (black arrow). The epididymal adipose tissue showed
presence of parasites at all time-points post-infection. Hematoxylin and eosin of the male reproductive system of a naive mouse (B, C). Anti-VSG
immunohistochemistry of the testis, epididymis and epididymal adipose tissue of T. brucei-infected mice (n = 4 to 6 per time-point), DAB counterstained with
hematoxylin (D), original magnification 40x (bar, 50um).

https://doi.org/10.1371/journal.pntd.0006690.9g002

and of the epididymal adipose tissue mainly due to the infiltration of inflammatory mononu-
clear cells. To determine the nature of these inflammatory cells we performed immunohis-
tochemistry for CD3 (T lymphocytes) and F4/80 (macrophages); and parasites were detected
with two antibodies that recognize either the surface coat (anti-VSG serum) or a nuclear pro-
tein (anti-H2A serum).

Inflammatory cell infiltration in the epididymis was minimal at day 6 post-infection but
increased as infection progressed (S1 Fig), and at day 27 post-infection the stromal compart-
ment was diffusely expanded by parasites associated with numerous macrophages and moder-
ate numbers of T lymphocytes (Fig 4A). Macrophages were also detected in the lumen of
epididymal ducts (Fig 4B), indicating that the blood-epididymis barrier is disrupted late upon
infection. This diffuse epididymitis was sometimes accompanied by multifocal rupture of the

6
[]day 6

H day 27

parasites / mg Tissue (log10)

—
_

epididymis testis

Fig 3. Parasite density in the male reproductive system. Parasite density in epididymis and testis of infected animals
on days 6 and 27 post-infection was quantified by qPCR of gDNA (T. brucei 18s rDNA normalized to the weight of the
tissue/organ). The blue line corresponds to the detection threshold, which is the background amplification obtained from
non-infected animals. Represented are the geometric means and the respective standard errors. N = 6-9 mice per time-
point (n = 3 for control, non-infected mice). Statistical significance was assessed using Wilcoxon rank sum and Wilcoxon
signed rank tests.

https://doi.org/10.1371/journal.pntd.0006690.9g003
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Fig 4. Inflammatory cell response associated with T. brucei infiltration in the male reproductive system. A. The stroma of
the epididymis is expanded by a large number of parasites (identified through VSG and H2A staining) accompanied by
moderate infiltration by T lymphocytes (CD3 staining) and marked infiltration by macrophages (F4/80 staining), more severe
27 days post-infection. Of note is also the staining pattern for VSG that shifts from a clear highlight of the elongated body of
the parasite, without background staining (black arrow), to an intense and diffuse granular staining of the stroma (white
arrow); while H2A maintains the clear nuclear pattern. Images correspond to serial sections of the same region of interest. B.
At day 27 post-infection macrophages were seen in the luminal compartment of epididymal ducts (white arrow). C.
Epididymis at day 27 post-infection shows ducts with an interrupted epithelial lining (black arrow), and foci of loose
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spermatozoa embedded in the stroma, associated with severe inflammatory cell infiltration (inset, black arrowhead). D. The
stroma supporting the seminiferous tubules displays mild infiltration by T lymphocytes (CD3) and macrophages (F4/80),
which increase overtime; and in the later stages of infection, macrophages are seen in the luminal compartment of
seminiferous tubules (black arrow). Anti-VSG immunohistochemistry of the testis, epididymis and epididymal adipose tissue of
T. brucei-infected mice (n = 4 to 6 per time-point); DAB counterstained with hematoxylin (A, C, D), original magnification 40x
(A, D; bar, 50um) and 20x (C; bar, 100um). Hematoxylin and eosin staining of epididymis of T. brucei-infected mice at day 27
post-infection (B), original magnification 10x (bar, 200um), 40x (inset; bar, 50um).

https://doi.org/10.1371/journal.pntd.0006690.g004

epididymal ducts, with release of spermatozoa into the stroma and formation of sperm granu-
lomas (Fig 4C). This tissue damage consists on an auto-immune response that results from a
lesion in the wall of the ducts, characterized by a central area containing degenerate spermato-
zoa rimmed by numerous inflammatory cells.

Although no parasites or significant histological changes had been observed in the testis,
the stroma supporting the seminiferous tubules showed minimal to moderate infiltration by
macrophages and T lymphocytes. This infiltration, especially the macrophages, increased as
infection progressed (S1 Fig). and at later stages of infection these cells could also be found in
the lumen of the tubules, indicating that the blood-testis barrier has been disrupted (Fig 4D).

These data show that T. brucei infection is associated with moderate to marked inflamma-
tion of the reproductive organs in male mice, both in tissues highly infiltrated by parasites,
such as the epididymis and epididymal adipose tissue, but also in the testis, where no parasites
were detected. Furthermore, we show that this inflammatory cell infiltration is associated with
disruption of the blood-testis and blood-epididymis barriers, at later stages of the infection.

Host inflammatory response is associated with damage to the parasite

While assessing parasite distribution and inflammatory cell infiltration, we observed that the
staining pattern for VSG was initially (day 6) very sharp on the parasite, highlighting exclusively
its elongated body, while on day 27 staining was diffuse in the epididymis stroma, with a granu-
lar to patchy pattern and without clear distinction of the parasite’s contour. H2A nuclear staining
pattern was on the other hand maintained throughout the course of infection (Fig 4A). While
this could be explained by an accumulation of shed VSG overtime, given that we observed a
strong inflammatory response in the same compartments occupied by parasites, we hypothe-
sized that the diffuse VSG staining could be due to parasites having lost their integrity as a result
of the action of inflammatory cells. Using transmission electron microscopy (TEM), we observed
that parasites infiltrating the epididymis 27 days post-infection showed severe ultrastructural
changes consistent with cell death, including loss of cytoplasmic content and microtubules, free
nuclei, numerous cell debris and fragments of flagella (Fig 5A-5D). Also, in agreement with
what we described above, the only parasites found in the testis were located inside blood vessels
of the stroma (Fig 5E). Altogether these results suggest that the inflammatory response that fol-
lows parasite infiltration of the epididymal stroma is somewhat effective in killing the parasites.

Discussion

T. brucei parasites circulate in the blood and infiltrate the interstitial space of several tissues,
including brain, adipose tissue, and skin [8-12]. Parasites have also been found in male repro-
ductive organs, not only in mice, but also in goats and rabbits [11,13,20]. In this work we
showed that parasites massively infiltrate the mouse male reproductive organs very early upon
infection, that they are not located in immune privileged niches and that they are targeted by a
strong inflammatory response. This immune response kills many parasites and causes damage
of these tissues. The potential consequences in terms of fertility impairment, relapse after treat-
ment and sexual transmission are discussed below.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006690 August 15,2018 10/15


https://doi.org/10.1371/journal.pntd.0006690.g004
https://doi.org/10.1371/journal.pntd.0006690

@' PLOS NEGLECTED
Z) : TROPICAL DISEASES Trypanosomes in the male reproductive organs

Fig 5. Morphological changes in T. brucei ultrastructure in late stages of the infection. A. Transmission Electron
Microscopy (TEM) of epididymis 27 days post-infection with T. brucei. Trypanosome cell bodies (black arrowhead)
and flagella (f), admixed with cell debris, extracellular matrix proteins (asterisk) and associated with inflammatory
mononuclear cells (N, nuclei). B. Detail of the trypanosome in Fig 5A showing a flagellum with an interrupted VSG
coat (black arrowhead). C and D. Trypanosomes displaying severe signs of degeneration, with loss of VSG coat (black
arrowhead), and admixed with numerous free flagella (f) and parasite nuclei (n). E. Trypanosome (black arrowhead)
located inside the lumen of a vessel, in the testis (RBC, red blood cell; EC, endothelial cell; Pe, pericyte). Bar, 1um. Mice,
n=2.

https://doi.org/10.1371/journal.pntd.0006690.g005

Parasites elicit an immune response

We show that, in the mouse, T. brucei infection is associated with the accumulation of parasites
in the male reproductive organs since at least day 6 post-infection. Epididymal adipose tissue
and the stroma of the epididymis are the most parasitized, with the epididymis showing a tem-
poral increase in parasite density that attain 10> parasites per mg of organ at late stages of the
disease. This is very similar to what we previously found for the gonadal adipose tissue [8].
Few parasites also infiltrate the fibrous tunics that encloses the testis, but no trypanosomes
were seen to infiltrate the testis per se (inside the seminiferous tubules or in their supporting
stroma), opposed to what others have reported in a T. brucei infection also in mice [11]. The
immunofluorescent assay might have misled the authors in the identification of testis, instead
of epididymis, which are anyway very close compartments.

More importantly, in our experimental setting we did not find any T. brucei parasites in
niches that are protected by the blood-testis barrier (lumen of seminiferous tubules) or the
blood-epididymis barrier (lumen of epididymal ducts). We do not know whether a heavier
parasite inoculum or a different parasite strain would influence parasite distribution in these
organs, nor whether the use of more sensitive methods would be able to recover parasites from
the luminal compartments of these organs.

It has been proposed that parasites in the male reproductive system could be protected
from the hosts’ immune system by specialized tissue barriers [10]. Our data do not support
this hypothesis, since we observe not only massive parasite accumulation outside these niches,
but also a very strong local immune response. This marked inflammation is associated with
parasite death and significant local tissue damage. This inflammatory response may also hin-
der access of trypanocidal drugs to parasites and could contribute to disease relapse after treat-
ment. These questions need to be further studied in the future.
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Consequences for pathology: Infertility and sexual transmission

The presence of pathogens in the male reproductive organs is a major cause of male infertility
[23], and trypanosome infection is not an exception [15,24,25]. Infertility is well documented
in Animal African Trypanosomiasis, but less so in humans. Its pathogenesis remains poorly
understood. Both endocrine dysfunction (pituitary lesions, altered hypothalamic-pituitary-
gonadal axis) and local inflammation have been observed in a variety of infected hosts
[16,26,27]. Orchitis and epididymitis have been described in natural disease, both in man and
animals (cattle, horses, sheep, goats and dogs), at late stages of the infection [13,14,16,20].

In this study we observed that, in a mouse infected by T. brucei, parasite infiltration of the
male reproductive organs is associated with a diffuse and marked local inflammatory response,
macrophage-rich (granulomatous epididymitis) (Fig 4B-4D). Interestingly, inflammation was
detected not only in sites highly infiltrated by parasites, such as the epididymal adipose tissue
and epididymis stroma (i.e. epididymitis), but also, to a lesser extent, in sites where no para-
sites were detected, like the stroma of the testis, surrounding the seminiferous tubules (i.e.
orchitis). It was also clear that this host response is somewhat effective in killing many para-
sites, since late upon infection inflammatory cells are associated with numerous parasite debris
and trypanosomes with aberrant morphology (Figs 4A and 5). Diffuse, severe and bilateral
lesions, like the ones observed here, usually have a clinical impact on fertility [14, 15]. Hence,
although we cannot disprove other hypothesis, it is very likely that the mild orchitis and severe
epididymitis described in this work could result in reduced fertility.

Chronic, degenerative and/or inflammatory processes that cause loss of epithelial and base-
ment membrane integrity in the male reproductive tubular/ductal system will invariably
expose sperm antigens to immune cells, resulting in sperm granulomas [26]. Granulomatous
inflammatory reactions had been previously described in T. brucei infection of sheep [28].
Here, we not only observed these granulomas in the epididymis of infected mice, but also iden-
tified macrophages inside the lumen of seminiferous tubules and epididymal ducts, late upon
infection (Fig 4B and 4C). This entails a disruption of the blood-testis and blood-epididymis
barriers. Hence, although we did not find parasites in any of the normally immune-privileged
compartments from days 6 to 27 post-infection, this barrier disruption in the epididymis
could favor the passage of a few living trypanosomes into the tubules/ducts and, in theory,
allow sexual transmission.

To the best of our knowledge, there are no reports on sexual transmission of T. brucei in
animals. However, such route of transmission is common in T. equiperdum, and this has been
described as a possibility for T. b. gambiense in one clinical case [6] and in one study in labora-
tory mice [7]. It is intriguing how genetically-related Trypanosoma parasites can adopt strik-
ingly distinct transmission modes. One could speculate whether devising alternative routes of
transmission is an evolutionary trait of trypanosome species that show low parasitemia, like 7.
b. gambiense [7] or species that preferably invade the host’s tissues, like T. equiperdum. Direct
transmission between mammalian hosts, without the need of an insect, would allow persis-
tence of the infection in the population.

AAT diagnosis

Currently, AAT diagnosis can be performed by direct and indirect parasite detection. The gold
standard for direct parasite detection in AAT is the microhematocrit centrifugation technique
(mHCT), which consists on the microscopic observation of parasites in blood, concentrated
by centrifugation [29,30]. This test is easy to perform, but it has poor sensitivity [31]. Indirect
parasite detection methods include ELISA (which require sophisticated expensive equipment
rarely available in the field [32]) and rapid diagnostic tests (currently in test in Cameroon
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[30,33]). One disadvantage of these immunodiagnostic tests is that they cannot distinguish
between past an ongoing infections.

A direct test, easy to perform and with increased sensitivity could improve AAT diagnosis.
In this study, we showed that T. brucei accumulates in very high numbers in the mouse exter-
nal reproductive organs, and we were able to successfully detect numerous parasites by fine
needle aspiration cytology. We reasoned that, if this disease feature finds translation to live-
stock, as it does for goats and rabbits [11,13,20], fine needle aspiration cytology of the male
reproductive organs could be added as a direct diagnostic tool in AAT.

In sum, we show that T. brucei parasites accumulate in the male reproductive system but
they are localized outside the tissues’ specialized barriers; as a result, parasites elicit a marked
local inflammatory response, which leads to severe tissue damage. This effect could contribute
to the clinically observed infertility, and to relapse after drug treatment. Although these barri-
ers are disrupted at late stages of the infection, due to the severity of clinical disease at this
stage, sexual transmission should be a rare event in a T. brucei infection in mice. The presence
of large numbers of parasites in a readily accessible anatomical location could potentially be
used as a novel diagnostic tool in AAT, particularly in livestock. External reproductive organs
of male cattle would be subject to FNAC, and the withdrawal fluid smeared, stained and
observed under an optical microscope. Parasites can be identified by their unique morphology.
Visualization of one or more parasites would be diagnostic for AAT.

Supporting information

S1 Fig. Semi-quantification of inflammatory cell response in testis and epididymis over
the course of a T. brucei infection in the mouse. T lymphocytes and macrophages were iden-
tified with anti-CD3 and anti-F4/80 antibodies, respectively. Scoring of inflammatory cell infil-
tration was performed using a 5-tier system with 0-4 grading scale: 0, absent; 1, minimal; 2,
mild; 3, moderate; 4, marked.

(TIF)

Acknowledgments

We thank Andreia Pinto from the Histology and Comparative Pathology Laboratory of the
iMM for expert Electron Microscopy assistance, Tiago Rebelo and Henrique Machado for
sharing tissues from infected mice, Ruy Ribeiro for discussion of the statistical analysis and
Thomas Hanscheid for critical reading of the manuscript iMM, FMUL).

Author Contributions

Conceptualization: Téania Carvalho, Luisa M. Figueiredo.

Data curation: Tania Carvalho, Sandra Trindade, Ana B. Santos, Filipa Rijo-Ferreira.
Formal analysis: Tania Carvalho, Sandra Trindade, Silvia Pimenta, Ana B. Santos.
Funding acquisition: Luisa M. Figueiredo.

Investigation: Sandra Trindade, Silvia Pimenta, Filipa Rijo-Ferreira.

Methodology: Tania Carvalho, Ana B. Santos, Filipa Rijo-Ferreira.

Supervision: Tania Carvalho, Luisa M. Figueiredo.

Validation: Tania Carvalho, Sandra Trindade.

Visualization: Tania Carvalho, Silvia Pimenta.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006690 August 15,2018 13/15


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006690.s001
https://doi.org/10.1371/journal.pntd.0006690

@ PLOS | RSHEAE Biseases

Trypanosomes in the male reproductive organs

Writing - original draft: Tania Carvalho, Sandra Trindade, Silvia Pimenta.

Writing - review & editing: Tania Carvalho, Sandra Trindade, Silvia Pimenta, Filipa Rijo-Fer-

reira, Luisa M. Figueiredo.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Simarro PP, Cecchi G, Paone M, Franco JR, Diarra A, Ruiz JA et al. The atlas of human African try-
panosomiasis: a contribution to global mapping of neglected tropical diseases. Int J Health Geogr.
2010; 9: 57. https://doi.org/10.1186/1476-072X-9-57 PMID: 21040555

Kennedy PGE. Human African trypanosomiasis of the CNS: current issues and challenges. J Clin
Invest. 2004; 113: 496-504. https://doi.org/10.1172/JCI21052 PMID: 14966556

Morrison LJ, Vezza L, Rowan T and Hope JC. Animal African Trypanosomiasis: Time to Increase
Focus on Clinically Relevant Parasite and Host Species. Trends Parasitol. 2016; Aug; 32(8):599-607.
https://doi.org/10.1016/j.pt.2016.04.012 PMID: 27167665

Shaw AP, Cecchi G, Wint GR, Mattioli RC and Robinson TP. Mapping the economic benefits to live-
stock keepers from intervening against bovine trypanosomosis in Eastern Africa. Prev. Vet. Med. 2014;
113(2), 197-210. https://doi.org/10.1016/j.prevetmed.2013.10.024 PMID: 24275205

Auty H, Torr SJ, Michoel T, Jayaraman S and Morrison LJ. Cattle trypanosomosis: the diversity of try-
panosomes and implications for disease epidemiology and control. Rev Sci Tech. 2015; 34, 587-598.
PMID: 26601459

Rocha G, Martins A, Gama G, Brandao F, Atouguia J. Possible cases of sexual and congenital trans-
mission of sleeping sickness. Lancet. 2004; 363(9404):247.

Biteau N, Asencio C, |zotte J, Rousseau B, Févre M, Pillay D et al. Trypanosoma brucei gambiense
infections in mice lead to tropism to the reproductive organs, and horizontal and vertical transmission.
PLoS Negl Trop Dis. 2016; 10(1):e0004350. https://doi.org/10.1371/journal.pntd.0004350 PMID:
26735855

Trindade S, Rijo-Ferreira F, Carvalho T, Pinto Neves D, Guegan F, Aresta-Branco F et al. Trypanosoma
bruceiparasites occupy and functionally adapt to the adipose tissue in mice. Cell Host & Microbe. 2016;
19(6):83748.

Capewell P, Cren-Travaillé C, Marchesi F, Johnston P, Clucas C, Benson RA et al. The skin is a signifi-
cant but overlooked anatomical reservoir for vector-borne African trypanosomes. Elife. 2016; Sep 22; 5.
pii: e17716.

Caljon G, Van Reet N, De Trez C, Vermeersch M, Pérez-Morga D, Van Den Abbeele J. The Dermis as
a Delivery Site of Trypanosoma bruceifor Tsetse Flies. PLoS Pathog. 2016; Jul 21; 12(7):e1005744.
https://doi.org/10.1371/journal.ppat.1005744 PMID: 27441553

Claes F, Vodnala SK, van Reet N, Boucher N, Lunden-Miguel H, Baltz T et al. Bioluminescent imaging
of Trypanosoma brucei shows preferential testis dissemination which may hamper drug efficacy in
sleeping sickness. PLoS Negl Trop Dis. 2009; 3: e486. https://doi.org/10.1371/journal.pntd.0000486
PMID: 19621071

Wastling SL, Welburn SC. Diagnosis of human sleeping sickness: sense and sensitivity. Trends Parasi-
tol. 2011; 27; 394—402. https://doi.org/10.1016/j.pt.2011.04.005 PMID: 21659003

Losos GJ and Ikede BO. Review of the Disease in Domestic and Laboratory Animals Caused by Trypa-
nosoma congolense, T. vivax, T. brucei, Trypanosoma rhodesiense and Trypanosoma gambiense. Vet-
erinary Pathology. 1972; 9, 1-79.

Jubb, Kennedy & Palmer’s Pathology of Domestic Animals, Sixth Ed 2016.

Cornwall GA. New insights into epididymal biology and function. Human Reproduction Update. 2009;
15(2):213-227. https://doi.org/10.1093/humupd/dmn055 PMID: 19136456

Raheem KA. A Review of Trypanosomosis-Induced Reproductive Dysfunctions in Male Animals. Agro-
search. 2014; 14, 30.

Ikede BO, Elhassan E, Akpavie SO. Reproductive disorders in African Trypanosomiasis: a review. Acta
Trop. 1988; 45(1):5—-10. PMID: 2896446

Apted FI. Clinical manifestations and diagnosis of sleeping sickness. In: The African Trypanosomiasis
(ed. Mulligan HW). 1970; 551-883.

Noireau F, Apembet JD and Frezil JL. Clinical review of endocrine disorders observed in adults with try-
panosomiasis. Bull Soc Pathol Exot Filiales. 1988; 81, 464—-467. PMID: 3197242

van den Ingh TS, van Dijk JE. Pathology of Chronic Trypanosoma brucei-infection in the Rabbit. Zen-
tralblatt fir Veterindrmedizin. 1975; Reihe B, 22: 729-736. PMID: 1199539

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006690 August 15,2018 14/15


https://doi.org/10.1186/1476-072X-9-57
http://www.ncbi.nlm.nih.gov/pubmed/21040555
https://doi.org/10.1172/JCI21052
http://www.ncbi.nlm.nih.gov/pubmed/14966556
https://doi.org/10.1016/j.pt.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27167665
https://doi.org/10.1016/j.prevetmed.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24275205
http://www.ncbi.nlm.nih.gov/pubmed/26601459
https://doi.org/10.1371/journal.pntd.0004350
http://www.ncbi.nlm.nih.gov/pubmed/26735855
https://doi.org/10.1371/journal.ppat.1005744
http://www.ncbi.nlm.nih.gov/pubmed/27441553
https://doi.org/10.1371/journal.pntd.0000486
http://www.ncbi.nlm.nih.gov/pubmed/19621071
https://doi.org/10.1016/j.pt.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21659003
https://doi.org/10.1093/humupd/dmn055
http://www.ncbi.nlm.nih.gov/pubmed/19136456
http://www.ncbi.nlm.nih.gov/pubmed/2896446
http://www.ncbi.nlm.nih.gov/pubmed/3197242
http://www.ncbi.nlm.nih.gov/pubmed/1199539
https://doi.org/10.1371/journal.pntd.0006690

@ PLOS | RSHEAE Biseases

Trypanosomes in the male reproductive organs

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chapter 21. The Male Reproductive System. In: Mescher AL. eds. Junqueira’s Basic Histology: Text &
Atlas, 13e New York, NY: McGraw-Hill; 2013.

Heischr B, Killick-Kendrick K, Dorrell J and Marsdenp D. The behavior of trypanosomes in the testicles
of laboratory animals. Trans Roy Soc Trop Med Hyg. 1968; 62: 5.

Brinsko SP, Blanchard TL, Varner DD. Diseases of the reproductive system, male reproductive disor-
ders. In: Smith BP, ed. Large animal internal medicine. 4th ed. St. Louis, MO: Mosby Elsevier; 2008:
1483.

Sekoni VO, Rekwot Pl, Bawa EK. Effect of Trypanosomiasis on the sperm morphology in Zebu Friesian
cross breed bull. Trop Anim Health Prod. 2004; 36(1):55-64. PMID: 14979559

Akpavie SO, Ikede BO, Egbunike GN. Ejaculate characteristic of sheep infected with Trypanosoma bru-
ceiand Trypanosoma vivax. Changes caused by treatment with Diminazine aceturate. Res Vet Sci.
1987; 42:1-6. PMID: 3823622

Hawking F, Greenfield JG. Two autopsies on rhodesiense sleeping sickness; Visceral lesions and sig-
nificance of changes in cerebrospinal fluid. Trans. Roy. Soc. Trop. Med. Hyg. 1941; 35: 155—-164.

Petzke F, Heppner C, Mbulamberi D, Winkelmann W, Chrousos GP, Allolio B et al. Hypogonadism in
Rhodesian sleeping sickness: evidence for acute and chronic dysfunction of the hypothalamic-pituitary-
gonadal axis. Fertil Steril. 1996; 65(1):68—75. PMID: 8557157

Pascucci |, Di Provvido A, Camma C, Di Francesco G, Caliste P, Tittarelli M et al. Diagnosis of dourine
outbreaks in ltaly. Vet Parasitology. 2013; 193, 30-38.

Nantulya VM., 1990. Trypanosomiasis in domestic animals: the problems of diagnosis. Rev Sci Tech.
1990; (2): 357-67. PMID: 2132685

Boulangé A, Pillay D, Chevtzoff C, Biteau N, Comé de Graga V, Rempeters L et al. Development of a
rapid antibody test for point-of-care diagnosis of animal African trypanosomosis. Vet Parasitol. 2017;
15; 233:32-38.

Jongejan F, Ooijen CJ, Zivkovic D and ter Huurne AA. Quantitative correlation of parasitological and
serological techniques for the diagnosis of Trypanosoma congolense infection in cattle. Vet Q. 1988;
10; 42—47. https://doi.org/10.1080/01652176.1988.9694144 PMID: 3287755

FAO animal production and health paper 100. 1992. Program for the control of African animal trypano-
somiasis and related development. Ecological and technical aspects.

https://www.galvmed.org/uncategorised/galvmed-partnership-launches-first-ever-field-test-animal-
trypanosomiasis/

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006690 August 15,2018 15/15


http://www.ncbi.nlm.nih.gov/pubmed/14979559
http://www.ncbi.nlm.nih.gov/pubmed/3823622
http://www.ncbi.nlm.nih.gov/pubmed/8557157
http://www.ncbi.nlm.nih.gov/pubmed/2132685
https://doi.org/10.1080/01652176.1988.9694144
http://www.ncbi.nlm.nih.gov/pubmed/3287755
https://www.galvmed.org/uncategorised/galvmed-partnership-launches-first-ever-field-test-animal-trypanosomiasis/
https://www.galvmed.org/uncategorised/galvmed-partnership-launches-first-ever-field-test-animal-trypanosomiasis/
https://doi.org/10.1371/journal.pntd.0006690

