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ABSTRACT: Human African trypanosomiasis (HAT) is in decline, thanks to sustained control efforts in recent decades. Yet, its complexity

as a disease at the animal-human interface and its potential for resurgence represent a significant concern for the final elimination goal.
Understanding the challenges underlying HAT control involves engaging deeply with the epidemiology, ecology, and evolution of trypanosomes
and their hosts. Dissecting the importance of parasite-intrinsic biological factors, vector life-history contribution, and host immunological
aspects, requires integrated efforts across disciplines. The prospects for control of HAT, reviewed here, comprise a spectrum of developments,
from new tools for disease diagnosis and staging, tsetse control, and prevention of transmission, to more effective and non-toxic treatment
options, including immune therapies. Although fundamentally pathogenic, trypanosomes can also be carried asymptomatically by their hosts.
Trypanotolerance, recently recognized as an important factor in persistence of disease foci, especially for Trypanosoma brucei gambiense,
remains an under-studied aspect of HAT epidemiology. With advancing technologies, a better cellular and molecular resolution of trypanosome
infection processes is now possible. Integrating these data with quantitative models, and linking mechanistically different aspects of disease
across biological scales, could bring key novel insights into HAT control strategies.
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Introduction

Human African trypanosomiasis (HAT), also known as
sleeping sickness, is a neglected disease affecting around 36
countries in sub-Saharan Africa. This disease is caused by
protozoan parasites of the genus Trypanosoma and transmit-
ted via the bite of the tsetse fly. Recent estimates suggest that
there are 70 million people at risk of contracting this disease.!
Over the last 15 years, sustained control efforts against HAT
have reduced substantially the number of new cases,? tending
towards meeting the World Health Organization (WHO)
goal of HAT elimination.® In 2009 the number of cases
reported fell below 10,000 for the first time in five decades,
and in 2014 there were 3796 cases recorded.** In the last 10
years, over 70% of reported cases have occurred in the
Democratic Republic of the Congo (DRC) alone, a country
also affected by political unrest and instability.

There are many subspecies of trypanosoma parasites.
However, the infection to humans can only be caused by two
of them: Trypanosoma brucei gambiense and Trypanosoma
brucei rhodesiense.® The first form of HAT (gHAT) is more
common in West and Central Africal, and is responsible for
about 98% of cases, whereas the second form of HAT (rHAT)
is less common, responsible for only about 2% of cases, and is
found in East and Southern Africa.” African trypanosomes
pose a severe problem not only due to the pathogenic effects
of their infections in humans, but also because of the socio-
economic losses resulting from the disease.” Moreover, dis-
ease can also affect livestock in rural areas,® typically when
infected by other species such as 7. congolense, T. vivax, T. b.
brucei, T. simiae, T evansi, and T. equiperdum. The subspecies

T b. brucei occurs throughout sub-Saharan Africa, but is not
infective to humans because it is rapidly lysed in the human
serum,’ unlike 7 4. gambiense or T. b. rhodesiense.

Despite the remarkable achievements in the control of HAT
over the past decade,? leading to a decline in the number of
cases, these reductions need to be taken with caution, as under-
reporting and difficult logistics to access remote affected
regions remain a significant concern.!® Parasite transmission at
the human-animal—tsetse interface in remote rural regions can
lead to the emergence and re-emergence of the disease in the
form of epidemics, whenever there are suitable habitats for its
vector. Therapeutic options against HAT are scarce and with
several limitations, including high reported rates of therapeutic
failure.!’ Antigenic variation of the parasite within host also
hampers prospects for vaccine development.!13

However, in a promising outlook for the future, multi-
sectorial partnerships are active with joint initiatives for HAT
prevention, surveillance, and control. Moreover, significant
technological and molecular advances in recent years are con-
tributing to a deeper understanding of trypanosome biology,!*
which may outline new directions for diagnostic tools and drug
development, both for gHAT and rHAT. Depending on how
much of this progress will ultimately reach the field, improving
the quality of local health systems and trypanosomiasis control,
the current positive trends in the decline of the disease will
continue and get stronger. Although the challenges of control-
ling 7 b. rhodesiense infections are likely to persist, the ambi-
tious WHO goal of stopping transmission of 7 . gambiense by
20302 seems within reach.

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial
4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


http://www.creativecommons.org/licenses/by-nc/4.0/
https://uk.sagepub.com/en-gb/journals-permissions
mailto:egjini@igc.gulbenkian.pt

Human Parasitic Diseases

Epidemiology of HAT

The two forms of HAT show significant differences, and hence
vary in their prospects for control.® 7! b. gambiense infection
causes a chronic, slowly progressing disease which can be
asymptomatic for months or even years, and ultimately leads to
death if untreated. This is known as sleeping sickness, occurring
primarily in West and Central Africa,® and transmitted by
tsetse flies of the genus Glossina, of the Palpalis group (riverine
tsetse). Both male and female flies feed on blood, and all spe-
cies are efficient vectors of pathogenic trypanosomes.
Humans constitute the principal reservoir of 7. &. gambiense,
and although it is thought that their predominant mode of
transmission is via the vector, vertical, sexual, and congenital
transmission have also been reported.>16

T. b. rhodesiense is zoonotic, THAT presenting thus a different
challenge to gHAT, due to a large portion of the pathogen pop-
ulation’s lifespan spent cycling between wild animals and vec-
tors. Persistence of this pathogen subspecies is thus largely
driven by the sylvatic reservoir,'” including zebra, lions, harte-
beests, bushbucks, gazelles, and hyenas, and very little by the
human population. Human infection is typically incidental,
where the parasite causes an acute form of the disease, fatal
within weeks if untreated, although more recent estimates sug-
gest that more than 80% of deaths occur within 6 months of
illness.'® 77 b. rhodesiense occurs east of the Rift Valley!, and its
vectors are flies from the Morsitans group (savannah tsetse). The
predominant reservoir of 7. 4. rhodesiense are wild animals and
cattle, and depending on vector—host proximity and vector con-
tact with these reservoirs, humans get exposed to the disease.”

While control measures typically aim at a reduction of dis-
ease incidence, prevalence, morbidity, and mortality to a
locally acceptable level, elimination of a disease is a stronger
goal, namely reduction to zero of the incidence of a specified
disease in a given population in a given region as a result of
deliberate efforts. Elimination of infection, on the other hand,
aims at reduction to zero of the incidence of infection caused
by a specific agent, which requires continued interventions
and measures to prevent re-establishment of transmission
and asymptomatic infection. When considering the trypano-
soma transmission system, prospects for elimination are unre-
alistic for rHAT, due to its large sylvatic reservoir, whereby
only reduction in disease cases and reduction of infection by
T b. rhodesiense may be attempted. For gHAT instead, pros-
pects for elimination are more feasible, once transmission is
reduced below critical levels between the epidemiological
compartments.

Uganda is known as the only country where both forms of
HAT, T b. gambiense and T. b. rhodesiense, occur. Despite having
separate foci, there has been concern that the two subspecies
may overlap because of the transport of infected cattle to
Western Uganda.’ The possible overlap of the two variants in
the same region compromises patient treatment, which is dif-
terent for the two diseases, complicated by the difficulty of dis-
tinguishing between these two subspecies via microscopy alone.
In response to the threat of the overlap of the two diseases, a

public—private partnership, Stamp Out Sleeping Sickness
(SOS), was formed in 2006, with the aim of undertaking mass
trypanocidal treatment and insecticidal spraying of cattle in five
districts in Northern Uganda.?’ Successful chemotherapeutic
treatment of domestic livestock reduces the prevalence of the
parasite in the cattle, which are the primary animal reservoir of
trypanosoma in countries such as Uganda, and in other areas
where the wildlife populations are decreasing.

Three major HAT epidemics have been documented in
the past century: the first around 1896 and 1906, which com-
prised equatorial Africa and killed around 800,000 people,
the second around 1920-1940, which led to increased control
efforts by the colonial powers in terms of surveillance and
vector control, and a third around the 1990s, following the
independence in many endemic African countries, which was
accompanied by turmoil and collapse of control activities
against HAT.321 This collapse led to an increase in the num-
ber of cases in the DRC, Angola, Southern Sudan, and
Uganda. Following such resurgence, control efforts were
intensified again, which enabled a drastic reduction in the
incidence of HAT disease over the last decades, especially
gHAT.? Sporadic cases of HAT have also been reported in
USA and Europe,? typically in travelers who have recently
returned from visits in African countries. Most HAT cases
outside Africa have been caused by 7. 4. rhodesiense.

As they are tsetse-transmitted, trypanosomes undergo a
critical part of their lifecycle in the vector.?! The fly first feeds
on an infected mammalian host, after which the parasites gain
entry into the fly’s digestive tract. During a period of 3—5 weeks
in the fly, trypanosomes differentiate in steps, until they migrate
to the salivary glands, where they develop into the infective
parasite form, which will be passed on to the next host.
Successful completion of the parasite maturation process in the
fly is difficult, thus infection in flies is rare in the field, espe-
cially with 7. 4. gambiense, reaching only about 0.1%. Although
sexual reproduction is not obligatory in trypanosomes, it can
occur between parasites in tsetse salivary glands,?® enabling
genetic exchange and the rapid transmission of crucial life-
history traits such as drug resistance and virulence. While
genetic exchange is relatively rare in 7. 4. gambiense, it happens
much more frequently in 77 4. rhodesiense.>* Laboratory studies
have shown that 7 4. rhodesiense is easily transmitted in the lab
and salivary gland infections are readily found in samples col-
lected from the field. In contrast, 7" 4. gambiense is very difficult
to transmit in the lab, and fly infections are found rarely in the
field. These differences challenge our understanding of how

disease foci are maintained.?’

Clinical manifestation of sleeping sickness

When a human becomes infected, the disease develops first
from a hemolymphatic stage with mild symptoms, including
headaches, fever, joint pains, and itching, into a second more
severe stage, where the parasites cross the blood—brain barrier
and establish a cerebral infection.!! However, it is difficult to
discern the actual duration of stage 1 and stage 2 infection,
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particularly regarding the period in which a patient remains
infectious.? Using survival analysis models, the estimated
average duration of 7. 4. gambiense infection is around 3 years,
where the first half corresponds to stage 1 disease and the sec-
ond half to stage 2.%7 In the case of 7. 4. rhodesiense instead,
disease is acute, and death occurs within weeks or months,
although in some surveys from Malawi, also a more chronic
form has been reported.?® While a greater diversity of infection
profiles and clinical manifestations are associated with 7 4.
gambiense infection, less diversity and more canonical severe
infection profiles are seen with 7. &. rhodesiense.?®

These differences in infection stages and progression affect
parasite opportunities for onward transmission and also the
strategies for treatment of disease. The term ‘sleeping sickness’
by which HAT is commonly known, refers to the symptoms of
the neurological phase of infection, which include reduced
coordination, disruption of the sleep cycle, and fatigue punctu-
ated with manic episodes leading to daytime torpor and night-
time insomnia. However, the symptoms of the disease start in a
milder way, first with a chancre formed at the site of tsetse bite,
between 5 and 15 days after the human—{ly contact, and a tryp-
anosomal rash, typically more severe in 7. 4. rhodesiense than 7
b. gambiense infection.?” These symptoms have also been
observed to be stronger and more abnormal in travelers than in
locals from endemic countries.3?

Following infection, several hematological disorders
and immunological inflammatory reactions occur due to par-
asite extracellular replication in the blood and lymphatic
organs. These include lymphadenopathy, enlargement of the
spleen, cardiac problems, endocrine disruption, alopecia, and
hepatomegaly.3! The second stage, also known as the central
nervous system (CNS) stage, is characterized by meningoen-
cephalitis and an exacerbated host immune response. In this
phase, the cerebral white matter is invaded with lymphocytes,
macrophages, and plasma cells, leading to neuropathogenesis.?!
All these biological processes in late stage disease are associ-
ated with psychiatric, motor, sensory, and sleep disorders,
eventually progressing to seizures, somnolence, coma, and
death of the host.

The neuropathogenesis of HAT disease when parasites
cross the blood—brain barrier is complex, and the understand-
ing of the processes involved has advanced substantially in
recent years, both from human examinations and animal mod-
els.3 Yet, at present, the mechanisms by which trypanosomes
are able to enter and persist in the CNS remain elusive. Recent
reports focusing on virulence profiles across human 7" 4. rho-
desiense infections are elucidating host factors responsible for
variation in infection progression, in particular the role of sys-
temic cytokine responses such as interferon (IFN)-y and tumor
necrosis factor (TNF)-, as well as their interactions with par-
asite genotype and geographic location.?%33

Diagnosis and its challenges
It is recommended that diagnosis of HAT disease be made as
urgently as possible, to avoid progression of the infection to

the neurological stagel’. Typically due to the long, relatively
symptom-free first stage of 7" &. gambiense infection, a com-
prehensive, active screening of the entire population at risk
should be performed, in order to diagnose patients in early
stage, which can last from a few months to a few years?® and
can even be asymptomatic.?»3 In rHAT instead, progression
to stage 2 disease is considerably faster, ranging between a few
weeks to a few months post-infection.?$33 Active case detec-
tion and treatment has also population benefits because it
reduces onward transmission by removing infective individu-
als from the reservoir. However, exhaustive screening requires
major human and financial resources, often lacking in endemic
countries, particularly in remote rural areas affected by the
disease. As a consequence, some infections may proceed to
death before they can ever be diagnosed and treated.

In recent years, WHO recommendations for disease man-
agement outline three steps.

e Screening for potential exposure. This step involves
using serological tests (currently limited to 7. . gambi-
ense) and searching for clinical signs, especially swollen
cervical lymph nodes in the patient. The card aggluti-
nation test for gHAT (CATT) has been developed in
the late 1970s, and can be performed in a fast and prac-
tical manner on serum or capillary blood obtained from
a finger prick. It has an 87-90% sensitivity and 93-95%
specificity.?! In contrast, there are no serological screen-
ing tests available for 77 4. rhodesiense. Polymerase chain
reaction (PCR) approaches have also been attempted to
increase sensitivity and specificity of HAT diagnostic
testing for early stage disease,3¢ with promising results,
but they remain too advanced for many existing facili-
ties in field conditions.

o Diagnosing parasite presence in body fluids. The
parasitological confirmation entails microscopic exami-
nation of lymph node and/or blood aspirates. The sen-
sitivity of this test varies between 40% and 80% and is
generally better suited to diagnose stage 1 infection.37:%8
Parasitological confirmation is easier for 7. 4. rhodesiense
infection because the density of parasites circulating in
blood is higher than for T. 4. gambiense infection, which
is characterized by cyclical waves of parasitemia and
frequent low parasite numbers below 100 parasites per
milliliter of blood.” After diagnosis, treatment is rec-
ommended depending on the results. In areas of high
seroprevalence (>1%), if CAT'T titers are high after a
test (>1:16), treatment for the patient is recommended
even if parasitological examination is negative.l!
In areas of low endemic prevalence, this strategy is not
recommended due to the potential adverse effects of
treatment.

¢ Disease staging to establish the state of disease pro-
gression. Since treatment for CNS-stage disease can be
very toxic and with severe side effects, diagnostic staging
to correctly classify patients into early versus late stage is
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crucial but remains problematic.3? This staging entails
examining the cerebrospinal fluid (CSF) of the patient, a
sample of which can be obtained by lumbar puncture.
According to the WHO,¥ second stage disease is defined
by the presence in CSF of more than 5 white blood cells
per microliter, trypanosomes, or elevated protein content
(>370 mg/L), although total protein content indicators
remain controversial. More recently, increased IgM con-
centration in CSF and neopterin have been proposed as
an early and specific marker of CNS invasion.® Yet,
there is still no clear consensus for staging criteria, and
some clinicians adopt a higher threshold for white cell
count, e.g. 20 cells per microliter,*! especially for diag-

nosing and staging gHAT.

Further development of these diagnostic approaches is
ongoing,'*? with the aim of creating better tools that can more
accurately diagnose HAT disease and staging, on the basis of
immunological biomarkers,** proteomics,* and non-invasive
techniques such as those examining sleep structure*® or MRI
data from patients.*’ These tools must be made reliable, practi-
cal, economically feasible and easy to administer. A challenge
remains to use current diagnostic information or augment it,
in order to parametrize effective treatment models and
biomarker-guided therapies, and to interpret more deeply
clinical responses in patients.

Prospects for control

For a multi-host parasite with a complex lifecycle like the tryp-
anosome, control is inevitably difficult.*® Several aspects of the
lifecycle can be targeted, from applying prevention and vector
control, to drug treatment and vaccines. Ultimately, the optimal
ways in which to devise HAT control policies, when consider-
ing the differing biology and epidemiology of the parasites,
depend on the wider context of control, including govern-
ments, international organizations, and the responsibilities of
individuals.*

Prevention and vector control

These are the oldest pillars in HAT control,*® especially in
gHAT, focused on reduction of the number of bites by tsetse
flies. Even though the prevalence of infection in flies is typi-
cally below 0.1%,2! the density of flies influences the incidence
and spread of both Gambian and Rhodesian sleeping sickness,
and also animal trypanosomiasis. Tsetse flies are attracted to
dark colors, such as blue and black, and also to vehicles in
motion. Vector control, via the use of fly traps or screens,’! in
combination with odors preferred by the flies, or insecticide
spraying of tsetse habitats helps to reduce fly density. If the
combined density of infected humans and flies falls below the
critical limits, transmission cannot be sustained.>> When epi-
demiological parameters are known and integrated in a trans-
mission model, including transmission rates, human, fly, and

animal reservoir densities, these critical thresholds can be
determined analytically, in a fashion similar to other multi-
host parasites.*® However, this epidemiological goal seems
more likely to be reached for a disease that has a small and
defined reservoir such as 70 4. gambiense, rather than for 7. 4.
rhodesiense parasites, typically sustained by transmission among
wild animals and tsetse vectors, in particular in East- and
South-African settings where wildlife numbers are high and
transmission networks more complex.

Sequential aerosol techniques, ground spraying and sterile
insect techniques®? are also available measures for prevention
of infections to humans, by reducing the number of tsetse
flies. Each of these measures comes with varying costs for its
implementation, which have to be carefully balanced with
local needs, planning, and infrastructure.” For example,
sequential aerosol techniques (SAT) are estimated to cost
between US$285.81 and 628.79 per km? of application.
Sterile insect techniques as a method of vector control cost
more, and are generally used in settings of low fly numbers,
typically following SAT or other vector control strategies that
first reduce vector density. They are based on mass release of
sterile male tsetse flies, which then compete with non-sterile
males to mate with females, resulting in adult female flies
unable to produce offspring.

On the biological side, focusing on vector life-history traits,
research is ongoing to uncover mechanisms and compounds
that could alter vectorial capacity to acquire or transmit infec-
tion,>* for example exploring natural endosymbionts of tsetse
flies,> or accounting for the special role of parasite VSG coat
in tsetse competence.’® Vector—parasite interactions are critical
in the transmission and persistence of HAT, and could be
exploited in disease control strategies. Indeed, cost-eftective-
ness analysis for HAT control must rely on quantifying the
relative role and importance of different epidemiological
parameters on HAT incidence and prevalence.>?

Treatment of domestic livestock

Insecticide treatment of cattle is another way of controlling
HAT, whereby reducing tsetse bites in the animal reservoir
close to the human population reduces the risk of animal—
vector—human transmission. Until now this measure has
been mainly applied to control animal trypanosomiasis (also
known as nagana), but in East AfTica, this form of treatment
has also contributed to control HAT cases in humans,
because cattle are an important reservoir for 7 4. rhodesiense
in areas where populations of wildlife are decreasing. Cost
estimates for this type of treatment, when restricted only to
the legs and bellies of cattle, where the tsetse are more likely
to feed, range around US$14.55 km=2.”

Since 2006, a successful public—private partnership, SOS?°
has been in place, applying in areas of Northern Uganda treat-
ment of domestic livestock. This includes not only application
of restricted insecticide to domestic cattle, but also deployment
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of curative drugs that remove infection from the domestic res-
ervoir, and prophylactic drugs, which protect the animal against
trypanosome infections for up to 3 months. Upon the launch of
this programme, approximately 250,000 cattle in five districts
in Northern Uganda, were treated successfully, reducing the
prevalence of the sleeping sickness parasite in the cattle by
close to 70%". SOS is estimated to have saved up to 400 mil-
lion in human health care costs, in particular related to rtHAT.
This intervention has also generated increased productivity of
25 per head of cattle per year in the rural communities involved,
thus constituting for local farmers a great incentive for contin-
ued participation.

HAT chemotherapy

While treatment of cattle is relatively cheap and easy to apply,
chemotherapy for infected human hosts remains extremely
complex and expensive. Despite years of drug research, chemo-
therapeutic options for HAT are limited and with severe side
effects. Specific drugs need to be applied for the different dis-
ease stages, as well as for the subspecies of parasite involved.?!
Very few drugs are currently available in the treatment of
HAT,>7 the main impediment being the cost of developing
drugs for diseases like HAT, afflicting primarily people from
the poorest countries and remotest areas in the world. Even
with the progress of recent years, there is much need for
research into new anti-parasite compounds.?

Early stage rHAT is treated with intravenous suramin,?!
first used in the 1920s, which although usually effective, can
result in potential complications for the patient, such as renal
failure and bone marrow toxicity. Pentamidine is a diamidine
drug available since the 1940s, administered via intramuscular
injection, effective only against 7. &. gambiense, also applied
exclusively in the early stage of the disease. This drug accumu-
lates inside the parasite by nucleoside transporters and then
binds multiple intracellular targets, causing a variety of detri-
mental effects.’® The loss of these transporters is critical in the
emergence of pentamidine resistance in the parasite and in
cross-resistance with other drugs.>%

Melarsoprol until recently was the only licensed drug for
effectively treating both subspecies of HAT in the advanced
disease stage.”’ It is an arsenical drug, whose uptake by the
trypanosome leads to rapid lysis of the parasite. Besides melar-
soprol injections being extremely painful for the patient, the
drug’s usefulness is constrained due to a severe side effect:
arsenical encephalopathy, a series of permanent brain injuries
which develop in 10% of treated patients, leading to an overall
mortality from treatment of around 5.9%.! In addition to
these deleterious treatment effects with melarsoprol, drug-
resistance and treatment failures have also been observed.6%:63
For treatment of late stage 7" 4. rhodesiense infection, a 10-day
regimen with melarsoprol is recommended.

In 1990, eflornithine was first licensed for use against 77 4.
gambiense, and in 2009, NECT (nifurtimox and eflornithine

combination therapy) also emerged as an effective drug.®

NECT has become the standard first-line treatment for 7 4.
gambiense CNS-stage HAT,"! and has been applied success-
fully, reducing treatment duration from 14 to 10 days, and the
number of needed intravenous drug doses by 75%.

Elucidating the mode of action of different drugs, alone and
in combination, remains critical for optimizing therapies and
for preventing the emergence of resistance and potential treat-
ment failures.® It is, however, important to realize that despite
the central role of chemotherapy in alleviating the disease bur-
den of HAT and its pathogenic effects, drug treatment alone
will not be able to eliminate the disease and stop transmission,
because of the role played by asymptomatic untreated carriers
in 70 b. gambiense persistence.3#% To stop transmission, these
infected individuals harboring subclinical trypanosome infec-
tions need to be detected by active screening and treated in
order to reduce their contribution to the transmission cycle of
the pathogen.

New frontiers towards HAT elimination

Trypanotolerance, host genetics, and epigenetic
effects

Recently it is starting to be recognized that host trypanotoler-
ance may play a major role in HAT epidemics, especially in the
persistence of gHAT. Trypanotolerance is the ability to control
parasite density or to limit the pathological effects of infection,
and is widely employed in the context of animal African trypa-
nosomiasis.®®-%8 In humans, trypanotolerance is reflected in the
wide range of the course of infection with 7 4. gambiense, which
can reach up to 7 and 29 years, and in the description of infec-
tions that self-cure.3%6%70

Although tsetse flies are historically associated with HAT,
for 70 b. gambiense, field data do not seem to support this
link.” gHAT shows foci of disease independent of tsetse dis-
tribution or infection prevalence rates in flies. To address this
puzzling observation, in a recent review,? the origin of gHAT
epidemics was examined, and a hypothesis associating human
genetic factors for infection susceptibility and resistance with
HAT epidemiology were presented. Welburn et al.?* propose
that gHAT epidemics occur when trypanotolerant silent car-
riers of disease are stressed, particularly by factors such as
famine and malnutrition, releasing epigenetic phenomena
and causing epidemic cycling across generations.

Up until now, human genetics has received little attention in
understanding HAT epidemiology,”>73 but it could be explored
more in the future, especially given the recent discoveries on
the genetic resistance to 7 4. rhodesiense, due to mutations in
the apolipoprotein gene (ApoL1).7* This gene has been shown
to be the trypanolitic factor in the human serum, responsible
for protection against most trypanosome species, and may even
be involved in anti-Leishmania protection.”” It has been
suggested that the distribution of ApoLl gene mutations
throughout sub-Saharan Africa may explain spatial patterns of
co-occurrence and competitive exclusion of the two subspecies
T b. rhodesiense and T. b. gambiense.” Uncovering human genes
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involved in resistance and tolerance to these parasites, and
quantifying their distribution, will be crucial to inform epide-
miological interventions in a heterogeneous human host
population.

Chronic silent carriers, infected with 70 b gambiense,
have been reported in several studies, likely harboring levels of
parasitemia that are too low for detection by conventional
techniques or PCR.34%> These individuals, despite being sero-
positive, are usually not treated in control programs, acting as
asymptomatic carriers and contributing to transmission. Thus,
it is suggested that silent carriers may be the norm, rather than
the exception, for how 77 4. gambiense is endemically transmit-
ted, with congenital transmission from infected mothers to
children,¢ also playing a significant role. These new studies
raise important questions about the strategies of disease elimi-
nation, suggesting differential approaches depending on the
mechanisms by which epidemics are generated.

For T b. gambiense, epidemics are more likely tied to a
dynamic of genetic tolerance to parasites and a population of
human silent carriers. Such tolerance could be overturned by
famine, exposure to stress and epigenetic modification.”®77
This model implies that control of gHAT is best achieved
through diagnosis and treatment of the human reservoir of dis-
ease,” with special attention on pregnant women and children,
in order to stop maternal transmission.?> For 7 4. rhodesiense
instead, epidemics are much more tightly linked to tsetse popu-
lations feeding on infected wildlife or livestock, thus control is
achieved by lowering tsetse population densities, and by treat-
ment of the animal reservoir.”®” These new perspectives need
further evidence and validation, especially in what concerns
diagnostic tools for asymptomatic pathogen carriers.8%81
Similarly, how nutritional and other forms of stress shape
HAT susceptibility calls for further attention. As host toler-
ance is found also in other trypanosomatid species,3? parallels
across systems could be studied transversally and exploited in
the context of HAT elimination.

Mathematical models for multi-scale understanding

Trypanosome parasites evade host immune responses via
antigenic variation.'>13 The protein responsible is the variant
surface glycoprotein (VSG), encoded by a family of around
2000 genes in the parasite genome. As one wave of parasites in
the bloodstream rises and generates variant-specific host
immunity, which then acts to clear it, another wave of parasites
that have switched to expression of new VSGs begins to take
over, requiring different variant-specific host response. This
process, known as antigenic variation, occurs both in 77 4.
rhodesiense®® and 1! b. gambiense, but is more important in the
latter due to the long chronic nature of the disease.

Such a large repertoire of VSG genes available for sequen-
tial expression (>20% of the coding genome), provide an
enormous potential for parasite survival within host, and ena-
ble the establishment of chronic infection. Chronic parasite

persistence depends on a trade-off between transmission and
virulence, which needs to be resolved by the parasite upon each
infection.84%> Higher parasite numbers within-host increase
the chances of transmission to the tsetse fly on one hand, but
also risk killing the host on the other, rapidly interrupting the
chain of transmission. So the parasite must seek a fine-tuning
of replication and virulence within host. To understand how
exactly this balance within-host is reached or breached,?
mathematical models can be useful. They can integrate under
the same framework many infection processes: antigenic
variation,!? parasite differentiation from slender to stumpy
morphological forms,%” the host immune response,® and para-
site dissemination among host body compartments. Such
formulations can provide systematic tools by which to inves-
tigate different aspects of infection dynamics, alone and in
combination, and quantify their onward consequences for
parasite transmission, infection stages, and host health.
In trypanosome research mathematical models have thus far
been under-exploited.

Despite several theoretical studies of antigenic variation and
within-host infection dynamics,?*-3 frameworks integrating
models with empirical data from animal experiments,’* or data
from human patients} are missing, except for a few studies.”
Thus, there is a need for data-driven mathematical models, to
enhance our understanding of infection dynamics. These can
be used to estimate biological parameters consistent with
empirical data of ever-increasing resolution,’*% and to evalu-
ate treatment efficacy and outcomes, considering alternative
drugs and their pharmacological modes of action.

There are many questions for which models could be useful.

o Can the mechanisms of asymptomatic carriage observed with
T b. gambiense be explained?

o Can the antigenic variation machinery of the parasite be bro-
ken down, to interrupt chronic infection?

o Can treatment regimes be optimized based on patient
data, including VSG composition, parasite numbers, and
host cytokine profiles upon diagnosis?

o Are there critical within-host parameter combinations to
determine the transition from stage 1 to stage 2 disease?

o Is it possible to find algorithms that predict the ordered
sequence of antigenic variants over infection, at least

probabilistically?

In addition to their immediate application in medical inter-
vention, within-host dynamic models can also be nested into
realistic eco-epidemiological frameworks to study the larger-
scale effects on disease transmission and epidemics, and to
compare alternative control measures at the population level.””
As recently highlighted,? there are multiple routes of trans-
mission of 7. &. gambiense, including vertical, vector, and sexual
transmission. Host heterogeneity also spans multiple direc-
tions, including the vector subspecies, human susceptibility and
resistance profiles, and symptomatic versus asymptomatic
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Figure 1. An integrated multi-scale approach to understanding and controlling African trypanosome dynamics and sleeping sickness. Mathematical
models can be useful to quantify critical parameters and inform optimal interventions at the within- and between-host level. The arrows indicate intrinsic
feedbacks arising in one biological scale and between biological scales. At the interface lie within-host infection features such as total parasitaemia
infection duration, and host survival, which determine host and parasite fitness. Bottom-up processes such as host and parasite genetics ultimately
interact with top-down epidemiological drivers, including environmental and socio-political conditions. Over time, selection pressures arising at the
within-host and epidemiological level shape host and parasite life-history evolution.

carriers. Furthermore, when modeling rHAT, species barriers
and reservoirs for 7. b. rhodesiense must also be considered in
transmission of this species, requiring multi-host epidemio-
logical formulation.*® When the disease approaches elimina-
tion, stochastic effects in epidemiological spatial patterns also
need to be accounted for, and to be interpreted correctly, in
order to quantify the real progress toward the HAT control
goal.?

Integrating all of these processes requires flexible modeling
frameworks, to capture the critical nonlinear feedbacks and the
multiple host species, shaping trypanosome dynamics.”® With
mathematical models and multi-scale approaches (Figure 1),
the key parameters, whether host-intrinsic, parasite-intrinsic,
vector-intrinsic, or environmental, that drive pathogen persis-
tence could be identified. As we gain a deeper understanding of
the relative importance of each parameter, control strategies
will be better informed.

Future research: host immunity and drug
development

Trypanosome biology and epidemiology have become an
exciting area of research, thanks to the latest developments in
molecular technologies, genomic tools, and bioinformatic
approaches.’* From antigenic variation characterization, to
the analysis of the trypanosome lifecycle and cell structure, to
gene expression patterns, the parasite interaction with the

host immune system, and to evolutionary dynamics, the last
25 years have seen an explosion of studies and impressive
findings. Translating this body of knowledge into accurate
diagnostics, better control measures for natural infections,
and into drugs for HAT disease is the next step. High-
throughput screening for possible drug compounds® is also
providing additional power to explore more effective and
cheaper therapeutics, and shed lights on new areas of parasite
biology such as resistance to drugs.'® Recently, several
new drugs are being considered, with potential oral routes
of administration,!0102 and shorter treatment duration.
However balancing toxicity and effectiveness remains a chal-
lenge, especially for treatment of 7. &. rhodesiense late-stage
disease.’? In gHAT instead, new tools that can identify very
low levels of parasite densities, and that can reveal the
biological mechanisms underlying silent carriage, such as
immunologically privileged within-host sites, will be crucial.
Connecting the dots from parasite biology to host immunity
will quantify how the asymptomatic infective state is reached,
how asymptomatic individuals contribute to overall transmis-
sion of HAT, and most importantly, how this asymptomatic
state loses its stability to cause disease.

African trypanosomes within host are constantly con-
fronted with the host’s immune defences ranging from
innate parasite control mechanisms to adaptive and more
specific responses. In addition to the prevalent view that
anti-VSG antibodies dominate the immune response against
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parasites in the bloodstream,!% another more integrative
view of host factors involved in resistance and pathology is
recently emerging, where multiple host immunity mecha-
nisms activated during trypanosome infection are receiving
attention.!%4 Research is unraveling to great resolution the
innate and adaptive components of the host’s immune sys-
tem that are involved in direct resistance and killing of para-
sites, as well as in the net immunopathology or tolerance of
an infection.1® These include progression to and severity of
anaemia, blood-brain invasion dynamics, and general inflam-
mation, ultimately leading to pathogenicity and death if
infection is left untreated. For example, activities of immune
regulation mediated by innate cells, in particular mac-
rophage-like M cells have been reported.’® The role of
interleukin (IL)-10 in reducing IFN-y-mediated pathology
in trypanosome infections has also been elucidated in 7
brucei, %7 suggesting a major role of this anti-inflammatory
cytokine in the transition from parasite density control to
infection pathology control.

Although immune intervention therapies have not been
considered until now, most current drugs focusing on para-
site-intrinsic traits such as uptake of nutrients or specific
organelles, in the near future, manipulation of host responses
to control parasite growth and infection-induced damage
could be another alternative.l% This will require a more
detailed quantitative understanding of host-derived factors
implicated in the persistence of inflammation, and careful
extrapolation of findings from murine models to human
models of trypanosomiasis.

Reaching the field
The continued control and eventual elimination of HAT
requires the expansion and integration of multi-sectorial
activities,’ from scientific research in the lab to ultimate deliv-
ery of services in the field. A key organization coordinating
HAT initiatives globally remains the WHO. Partners in the
public sector include academic institutions and governments,
and in the private sector industry and non-governmental
organizations. They are already engaged in joint initiatives for
the active epidemiological surveillance, mapping of risk,”?
analysis of HAT, chemotherapeutic delivery,?’ and for the pro-
duction of current drugs. Although the disease is in decline,?
the control efforts must not be abated, given its potential for
resurgence following conflicts and political instability. A stable
supply of funds must be maintained to support the ongoing
functionality of treatment and rehabilitation centers in epi-
demic foci and in endemic areas. To ensure sustainable control,
public health infrastructures in afflicted zones must be sup-
ported, equipped properly, staffed with trained personnel, and
empowered with research facilities.

Given the complexity of HAT transmission at the animal—
human-vector interface, an integrated approach, combining
veterinary medicine services and wildlife management services

is also needed, especially for rHAT> As the disease becomes

less prevalent, HAT surveillance could shift gradually to more
passive systems, which are deemed more cost-effective.
However a shortcoming of this approach is that HAT patients
would be diagnosed in the second and more severe disease
stage, probably years after infection, in the case of 7 b. gambi-
ense. On one hand, this strategy would certainly help alleviate
the burden of disease. On the other hand, it could miss the
identification of asymptomatic carrier individuals, with great
significance for transmission in persistent endemic foci,?
particularly so for gHAT, the dominant disease form. In such
a context, adapting surveillance and control strategies to
account for trypanotolerance remains a key aspect of HAT
elimination.
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ii.  http://www.who.int/trypanosomiasis—african/diagnosis/en
iii. http://www.who.int/mediacentre/factsheets/fs259/en

iv.  http://www.stampoutsleepingsickness.com

REFERENCES

1. Simarro PP, Cecchi G, Franco JR, et al. Estimating and mapping the popula-
tion at risk of sleeping sickness. PLoS Neg/ Trop Dis 2012; 6(10): 1859.

2. Simarro PP, Cecchi G, Franco JR, et al. Monitoring the progress towards the
elimination of Gambiense Human African Trypanosomiasis. PLoS Neg/ Trop
Dis 2015; 9(6): €0003785.

3. Simarro PP, Diarra A, Postigo JAR, et al. The human African trypanosomiasis
control and surveillance programme of the World Health Organization 2000—
2009: the way forward. PLoS Neg/ Trop Dis 2011; 5(2): 1007.

4. Franco ], Simarro P, Diarra A, et al. The journey towards elimination of gam-
biense human African trypanosomiasis: not far, nor easy. Parasitology 2014;
141(6): 748-760.

5. Franco JR, Simarro PP, Diarra A, et al. Epidemiology of human African try-
panosomiasis. Clin Epidemiol 2014; 6: 257.

6.  Welburn S, Fevre E, Coleman P, et al. Tbe trypanosomiases, Maudlin I, Holmes
P (eds). CAB International, 2004; pp. 219-232.

7. Keating J, Yukich JO, Sutherland CS, et al. Human African trypanosomiasis
prevention, treatment and control costs: A systematic review. Acta Tropica
2015; 150: 4-13.

8. Shaw A, Cecchi G, Wint G, et al. Mapping the economic benefits to livestock
keepers from intervening against bovine trypanosomosis in eastern Africa.
Prevent Vet Med 2014; 113(2): 197-210.

9. Vanhamme L, Paturiaux-Hanocq F, Poelvoorde P, et al. Apolipoprotein LI is
the trypanosome lytic factor of human serum. Nazure 2003; 422(6927): 83-87.

10.  Odiit M, Coleman P, Liu WC, et al. Quantifying the level of under-detection
of Trypanosoma brucei rhodesiense sleeping sickness cases. Trop Med Int
Health 2005; 10(9): 840-849.

11.  Kennedy PG. Clinical features, diagnosis, and treatment of human
African trypanosomiasis (sleeping sickness). Lancet Neurol 2013; 12(2):
186-194.

12. Marcello L, Barry JD. From silent genes to noisy populations—dialogue be-
tween the genotype and phenotypes of antigenic variation. J Eukaryotic
Microbiol 2007; 54(1): 14-17.

13.  Stuart K, Brun R, Croft S, et al. Kinetoplastids: related protozoan pathogens,
different diseases. J Clin Invest 2008; 118(4): 1301-1310.

14.  Matthews KR. 25 years of African trypanosome research: From description to
molecular dissection and new drug discovery. Mo/ Biochem Parasitol 2015;
200(1-2): 30-40.

15.  Jordan A. Tsetse-flies (glossinidae). In Medical insects and arachnids. New York:
Springer, 1993, pp. 333-388.

16.  Rocha G, Martins A, Gama G, et al. Possible cases of sexual and congenital
transmission of sleeping sickness. Lancer 2004; 363(9404): 247.


http://www.who.int/trypanosomiasis
http://www.who.int/trypanosomiasis
http://www.who.int/mediacentre/factsheets/fs259/en
http://www.stampoutsleepingsickness.com

Gjini

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Anderson NE, Mubanga ], Fevre EM, et al. Characterisation of the wildlife
reservoir community for human and animal trypanosomiasis in the Luangwa
Valley, Zambia. PLoS Negl Trop Dis 2011; 5(6): ¢1211.

Odiit M, Kansiime F, Enyaru J. Duration of symptoms and case fatality of
sleeping sickness caused by Trypanosoma brucei rhodesiense in Tororo,
Uganda. East African Med ] 1997; 74(12): 792-795.

Picozzi K, Fevre E, Odiit M, et al. Sleeping sickness in Uganda: a thin line be-
tween two fatal diseases. Bmj 2005; 331(7527): 1238-1241.

Kabasa JD. Public—private partnership works to stamp out sleeping sickness in
Uganda. Trends Parasitol 2007; 23(5): 191-192.

Brun R, Blum J, Chappuis F, et al. Human African trypanosomiasis. Lancet
2010; 375(9709): 148-159.

Simarro PP, Franco JR, Cecchi G, et al. Human African trypanosomiasis in
non-endemic countries (2000-2010). J Travel Med 2012; 19(1): 44-53.
Peacock L, Bailey M, Carrington M, et al. Meiosis and haploid gametes in the
pathogen Trypanosoma brucei. Curr Biol 2014; 24(2): 181-186.

Koffi M, De Meets T, Séré M, et al. Population genetics and reproductive
strategies of African trypanosomes: revisiting available published data. PLoS
Negl Trop Dis 2015; 9(10): €0003985.

Welburn SC, Molyneux DH, Maudlin 1. Beyond Tsetse : implications for re-
search and control of human African Trypanosomiasis epidemics. Trends
Parasitol 2016; 32(3): 230-241.

Checchi F, Filipe J, Barrett M. The natural progression of Gambiense sleeping
sickness: What is the evidence? PLoS Neg/ Trop Dis 2008; 2(12): ¢303.
Checchi F, Filipe JA, Haydon DT, et al. Estimates of the duration of the early
and late stage of gambiense sleeping sickness. BMC Infect Dis 2008; 8(1): 1.
MacLean L, Chisi JE, Odiit M, et al. Severity of human African trypanoso-
miasis in East Africa is associated with geographic location, parasite genotype,
and host inflammatory cytokine response profile. Infect Immun 2004; 72(12):
7040-7044.

Malvy D, Chappuis F. Sleeping sickness. Clin Microbiol Infect 2011; 17(7):
986-995.

Blum J, Neumayr A, Hatz C. Human African trypanosomiasis in endemic pop-
ulations and travellers. Eur ] Clin Microbiol Infect Dis 2012; 31(6): 905-913.
Kennedy PG. Human African trypanosomiasis of the CNS: current issues and
challenges. J Clin Invest 2004; 113(4): 496-504.

Rodgers J. Human African trypanosomiasis, chemotherapy and CNS disease.
J Neuroimmunol 2009; 211(1-2): 16-22.

MacLean L, Odiit M, MacLeod A, etal. Spatially and genetically distinct
African trypanosome virulence variants defined by host interferon-gamma re-
sponse. J Infect Dis 2007; 196(11): 1620-1628.

Kabore J, Koffi M, Bucheton B, et al. First evidence that parasite infecting ap-
parent aparasitemic serological suspects in human African trypanosomiasis are
Trypanosoma brucei gambiense and are similar to those found in patients.
Infect Genet Evol 2011; 11(6): 1250-1255.

Jamonneau V, Ilboudo H, Kaboré J, etal. Untreated human infections by
Trypanosoma brucei gambiense are not 100% fatal. PLoS Negl Trop Dis 2012;
6(6): €1691.

Mugasa CM, Adams ER, Boer KR, et al. Diagnostic accuracy of molecular
amplification tests for human African trypanosomiasis—systematic review.
PL0S Negl Trop Dis 2012; 6(1): 1438,

Simarro P, Louis F, Jannin J. Sleeping sickness, forgotten illness: What are the
consequences in the field> Med trop rev Corps sante colonial 2002; 63(3):
231-235.

Van Meirvenne N. Biological diagnosis of human African trypanosomiasis. In
Progress in human African trypanosomiasis, sleeping sickness. New York: Springer,
1999, pp. 235-252.

WHO Expert Committee and others. Control and surveillance of African try-
panosomiasis. WHO Technical Report 881, Series World Health Organization,
Geneva, 1998.

Tiberti N, Hainard A, Lejon V, et al. Cerebrospinal fluid neopterin as marker
of the meningo-encephalitic stage of Trypanosoma brucei gambiense sleeping
sickness. PLoS One 2012; 7(7): e40909.

Kennedy PG. Diagnosing central nervous system trypanosomiasis: two stage
or not to stage? Trans R Soc Trop Med Hygiene 2008; 102(4): 306-307.
Bonnet J, Boudot C, Courtioux B. Overview of the diagnostic methods used in
the field for human African Trypanosomiasis: what could change in the next
years? BioMed Res Int 2015; 2015: 1-10.

Biischer P, Lejon V, Magnus E, et al. Improved latex agglutination test for de-
tection of antibodies in serum and cerebrospinal fluid of Trypanosoma brucei
gambiense infected patients. Acza Tropica 1999; 73(1): 11-20.

MacLean L, Odiit M, Sternberg JM. Intrathecal cytokine responses in
Trypanosoma brucei rhodesiense sleeping sickness patients. Trans R Soc Trop
Med Hygiene 2006; 100(3): 270-275.

Tiberti N, Hainard A, Lejon V, et al. Discovery and verification of osteopontin
and Beta-2-microglobulin as promising markers for staging human African
trypanosomiasis. Mo/ Cell Proteom 2010; 9(12): 2783-2795.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Buguet A, Bisser S, Josenando T, et al. Sleep structure: a new diagnostic tool
for stage determination in sleeping sickness. Acza Tropica 2005; 93(1):
107-117.

Gill DS, Chatha DS, del Carpio-O’Donovan R. MR imaging findings in
African trypansomiasis. Amer | Neuroradiol 2003; 24(7): 1383-1385.

Dobson A. Population dynamics of pathogens with multiple host species. Amer
Naturalist 2004; 164(S5): S64-S78.

Fevre E, Picozzi K, Jannin J, et al. Human African trypanosomiasis: epidemi-
ology and control. Adv Parasitol 2006; 61: 167-221.

Wamwiri FN, Changasi RE. Tsetse flies (Glossina) as vectors of human
African Trypanosomiasis: a review. BioMed Res Int 2016; 2016: 6201350.

Vale G, Lovemore D, Flint S, et al. Odour-baited targets to control tsetse flies,
Glossina spp. (diptera: Glossinidae), in Zimbabwe. Bu/l Entomol Res 1988; 78:
31-49.

Rogers D. A general model for the African trypanosomiases. Parasitology 1988;
97(01): 193-212.

Vreysen M, Saleh K, Ali M, et al. Glossina austeni (diptera: Glossinidae) erad-
icated on the island of Unguja, Zanzibar, using the sterile insect technique. J
Econ Entomol 2000; 93: 123-135.

Aksoy S, Gibson W, Lehane M. Interactions between tsetse and trypanosomes
with implications for the control of trypanosomiasis. Adv Parasitol 2003; 53:
1-83.

Wang J, Wu Y, Yang G, et al. Interactions between mutualist wigglesworthia
and tsetse peptidoglycan recognition protein (pgrp-1b) influence trypanosome
transmission. Proc Natl Acad Sci USA 2009; 106(29): 12133-12138.

Aksoy E, Vigneron A, Bing X, et al. Mammalian African trypanosome VSG
coat enhances tsetse’s vector competence. Proc Natl Acad Sci USA 2016; in press,
201600304.

Barrett MP, Boykin DW, Brun R, etal. Human African trypanosomiasis:
pharmacological re-engagement with a neglected disease. Br J Pharmacol 2007,
152(8): 1155-1171.

‘Wang C. Molecular mechanisms and therapeutic approaches to the treatment
of African trypanosomiasis. Annu Rev Pharmacol Toxicol 1995; 35(1): 93-127.
Bridges DJ, Gould MK, Nerima B, et al. Loss of the high-affinity pentamidine
transporter is responsible for high levels of cross-resistance between arsenical
and diamidine drugs in African trypanosomes. Mo/ Pharmacol 2007; 71(4):
1098-1108.

Baker N, de Koning HP, Miser P, et al. Drug resistance in African trypanoso-
miasis: the melarsoprol and pentamidine story. Trends Parasitol 2013; 29(3):
110-118.

Schmid C, Richer M, Bilenge CMM, et al. Effectiveness of a 10-day melarso-
prol schedule for the treatment of late-stage human African trypanosomiasis:
confirmation from a multinational study IMPAMEL II). J Infect Dis 2005;
191(11): 1922-1931.

Legros D, Evans S, Maiso F, et al. Risk factors for treatment failure after me-
larsoprol for Trypanosoma brucei gambiense trypanosomiasis in Uganda.
Trans R Soc Trop Med Hygiene 1999; 93(4): 439—-442.

Delespaux V, de Koning HP. Drugs and drug resistance in African trypanoso-
miasis. Drug Resist Updates 2007; 10(1): 30-50.

Priotto G, Kasparian S, Mutombo W, et al. Nifurtimox-eflornithine combina-
tion therapy for second-stage African Trypanosoma brucei gambiense
trypanosomiasis: a multicentre, randomised, phase III, non-inferiority trial.
Lancet 2009; 374(9683): 56—64.

Wastling S, Picozzi K, Wamboga C, et al. Latent Trypanosoma brucei gam-
biense foci in Uganda: a silent epidemic in children and adults? Parasitology
2011; 138(12): 1480-1487.

Murray M, Trail ], Davis C, et al. Genetic resistance to African trypanosomia-
sis. ] Infect Dis 1984; 149(3): 311-319.

Paling R, Moloo S, Scott J, et al. Susceptibility of n’dama and boran cattle to
tsetse-transmitted primary and rechallenge infections with a homologous se-
rodeme of Trypanosoma congolense. Parasite Immunol 1991; 13(4): 413-425.
d’Teteren G, Authie E, Wissocq N, et al. Trypanotolerance, an option for sus-
tainable livestock production in areas at risk from trypanosomosis. Rew sci tech
1998; 17(1): 154-175.

Sudarshi D, Lawrence S, Pickrell WO, et al. Human African trypanosomiasis
presenting at least 29 years after infection—what can this teach us about the
pathogenesis and control of this neglected tropical disease? PLoS Neg/ Trop Dis
2014; 8(12): ¢3349.

Wengert O, Kopp M, Siebert E, et al. Human African trypanosomiasis with
7-year incubation period: clinical, laboratory and neuroimaging findings.
Parasitol Int 2014; 63(3): 557-560.

Simarro PP, Cecchi G, Paone M, et al. The atlas of human African trypanoso-
miasis: a contribution to global mapping of neglected tropical diseases. In¢ J
Health Geog 2010; 9(1): 1.

Bucheton B, MacLeod A, Jamonneau V. Human host determinants influenc-
ing the outcome of Trypanosoma brucei gambiense infections. Parasite
Immunol 2011; 33(8): 438—447.



10

Human Parasitic Diseases

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Courtin D, Milet J, Sabbagh A, et al. HLA-G 3’ UTR-2 haplotype is associ-
ated with Human African trypanosomiasis susceptibility. Infect Gen Evol 2013;
17:1-7.

Genovese G, Friedman DJ, Ross MD, etal. Association of trypanolytic
ApoL1 variants with kidney disease in African Americans. Science 2010;
329(5993): 841-845.

Samanovic M, Molina-Portela MP, Chessler ADC, et al. Trypanosome lytic
factor, an antimicrobial high-density lipoprotein, ameliorates leishmania in-
fection. PLoS Pathog 2009; 5(1): ¢1000276.

Heijmans BT, Tobi EW, Stein AD, et al. Persistent epigenetic differences as-
sociated with prenatal exposure to famine in humans. Proc Nat! Acad Sci USA
2008; 105(44): 17046-17049.

Jang H, Serra C. Nutrition, epigenetics, and diseases. Clin Nutrit Res 2014;
3(1): 1-8.

Torr S, Maudlin I, Vale G. Less is more: restricted application of insecticide to
cattle to improve the cost and efficacy of tsetse control. Med Vet Entomol 2007,
21(1): 53-64.

Muhanguzi D, Picozzi K, Hatendorf J, et al. Improvements on restricted
insecticide application protocol for control of human and animal African
trypanosomiasis in eastern Uganda. PLoS Neg/ Trop Dis 2014; 8(10):
e3284.

Deborggraeve S, Biischer P. Molecular diagnostics for sleeping sickness: what
is the benefit for the patient? Lancet Infect Dis 2010; 10(6): 433-439.

Derda R, Gitaka J, Klapperich CM, et al. Enabling the development and de-
ployment of next generation point-of-care diagnostics. PLoS Neg/ Trop Dis
2015; 9(5): e0003676.

Berthier D, Breniére SF, Bras-Gongalves R, etal.
Trypanosomatids: a threat, or a key for disease elimination? Trends Parasitol
2016; 32(2): 157-168.

Turner M, Barry J. High frequency of antigenic variation in Trypanosoma bru-
cei rhodesiense infections. Parasitology 1989; 99: 67-75.

Turner M. Antigenic variation in Trypanosoma brucei infections: an holistic
view. J Cell Sci 1999; 112: 3187-3192.

MacGregor P, Sz66r B, Savill NJ, et al. Trypanosomal immune evasion, chro-
nicity and transmission: an elegant balancing act. Naz Rev Microbiol 2012;
10(6): 431-438.

Matthews KR, McCulloch R, Morrison L]. The within-host dynamics of
African trypanosome infections. Phi/ Trans R Soc B Biol Sci 2015; 370(1675):
20140288.

Matthews K. Controlling and coordinating development in vector-transmitted
parasites. Science 2011; 331(6021): 1149-1153.

Taylor K. Immune responses of cattle to African trypanosomes: protective or
pathogenic? Inz J Parasitol 1998; 28: 219-240.

Agur Z, Abiri D, Van der Ploeg L. Ordered appearance of antigenic variants
of African trypanosomes explained in a mathematical model based on a sto-
chastic switch process and immune-selection against putative switch
intermediates. Proc Nat! Acad Sci USA 1989; 86(23): 9626-9630.

Tolerance to

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Agur Z. Mathematical models for African trypanosomiasis. Parasitol Today
1992; 8(4): 128-129.

Frank SA. A model for the sequential dominance of antigenic variants in
African trypanosome infections. Proc R Soc Lond B Biol Sci 1999; 266(1426):
1397-1401.

Lythgoe K, L] M, Read A, et al. Parasite-intrinsic factors can explain ordered
progression of trypanosome antigenic variation. Proc Natl Acad Sci USA 2007,
104(19): 8095-8100.

Gijini E, Haydon D, Barry J, et al. Critical interplay between parasite differen-
tiation, host immunity, and antigenic variation in trypanosome infections.
Amer Naturalist 2010; 176(4): 424—439.

Mugnier MR, Cross GA, Papavasiliou FN. The in vivo dynamics of antigenic
variation in Trypanosoma brucei. Science 2015; 347(6229): 1470-1473.
MacGregor P, Savill NJ, Hall D, et al. Transmission stages dominate trypano-
some within-host dynamics during chronic infections. Ce// Host Microbe 2011,
9(4): 310-318.

Trindade S, Rijo-Ferreira F, Carvalho T, et al. Trypanosoma brucei parasites
occupy and functionally adapt to the adipose tissue in mice. Cel/ Host Microbe
2016; 19(6): 837-848.

Rock KS, Torr SJ, Lumbala C, et al. Quantitative evaluation of the strategy to
eliminate human African trypanosomiasis in the Democratic Republic of
Congo. Parasites Vectors 2015; 8(1): 1.

Funk S, Nishiura H, Heesterbeek H, et al. Identifying transmission cycles at
the human—animal interface: the role of animal reservoirs in maintaining gam-
biense human African trypanosomiasis. PLoS Comput Bio/2013;9(1): €1002855.
Miser P, Wittlin S, Rottmann M, et al. Antiparasitic agents: new drugs on the
horizon. Curr Opin Pharmacol 2012; 12(5): 562-566.

Alsford S, Eckert S, Baker N, et al. High-throughput decoding of antiTry-
panosomal drug efficacy and resistance. Nazure 2012; 482(7384): 232-236.
Barrett MP. Potential new drugs for human African trypanosomiasis: some
progress at last. Curr Opin Infect Dis 20105 23(6): 603-608.

Rodgers J, Jones A, Gibaud S, et al. Melarsoprol cyclodextrin inclusion com-
plexes as promising oral candidates for the treatment of human African
trypanosomiasis. PLoS Neg/ Trop Dis 2011; 5(9): €1308.

Pays E. The variant surface glycoprotein as a tool for adaptation in African try-
panosomes. Microbes Infect 2006; 8(3): 930-937.

Stijlemans B, Caljon G, Van Den Abbeele J, et al. Immune evasion strategies
of Trypanosoma brucei within the mammalian host: progression to pathoge-
nicity. Front Immunol 2016; 7: 233.

Namangala B. Contribution of innate immune responses towards resistance to
African trypanosome infections. Scand | Immunol 2012; 75(1): 5-15.
Stijlemans B, Guilliams M, Raes G, et al. African trypanosomosis: from im-
mune escape and immunopathology to immune intervention. Vet Parasitol
2007; 148(1): 3-13.

Namangala B, Noél W, De Baetselier P, etal. Relative contribution of
interferon-y and interleukin-10 to resistance to murine African trypanosomo-
sis. [ Infect Dis 2001; 183(12): 1794-1800.





