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Most  trypanosomatid  parasites  have both  arthropod  and  mammalian  or plant  hosts,  and  the  ability  to
survive  and  complete  a developmental  program  in each  of these  very  different  environments  is  essential
for  life  cycle  progression  and  hence  being  a successful  pathogen.  For  African  trypanosomes,  where  the
mammalian  stage  is  exclusively  extracellular,  this  presents  specific  challenges  and  requires  evasion  of
both the  acquired  and  innate  immune  systems,  together  with  adaptation  to  a  specific  nutritional  envi-
ronment  and  resistance  to mechanical  and  biochemical  stresses.  Here  we  consider  the  basis  for  these
eywords:
ifferentiation
ene regulation
ystems biology

adaptations,  the  specific  features  of  the  mammalian  infective  trypanosome  that  are  required  to meet
these  challenges,  and  how  these  processes  both  inform  on  basic  parasite  biology  and  present  potential
therapeutic  targets.
arasites
herapeutic
ntigenic variation
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. Introduction

The trypanosomatids, which formally include African try-
anosomes, American trypanosomes and leishmania species, are
ausative agents of major human, livestock, wild animal and plant
iseases. According to WHO  statistics, together these organisms
irectly threaten the health of more than five hundred million

last aspect is currently unquantified but, given the frequency of
trypanosome-mediated disease, it presents a major challenge for
public health programs [1]. Moreover, current drugs are highly
toxic, require complex dosing regimens and resistance is becom-
ing prevalent [for a recent discussion see 2, for recent progress
eople worldwide. African trypanosomes present a dual burden,
oth directly on human health where they are responsible for
ens of thousands of deaths annually, but also on economic well-
eing through human morbidity and agricultural impact. This

∗ Corresponding author. Tel.: +44 1223 333734; fax: +44 1223 333734.
E-mail address: mcf34@cam.ac.uk (M.C. Field).

166-6851/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molbiopara.2011.06.006
see 3].  For Trypanosoma brucei subspecies and Trypanosoma con-
golense specifically, advances over the last two decades in public
health programs and monitoring have decreased the death toll
substantially. However, the disease that these parasites cause,

sleeping sickness or human African trypanosomiasis (HAT) is, as
far as it is known, invariably fatal in the absence of therapeu-
tic intervention [4]. The brutal consequence of untreated T. brucei
infection in humans contrasts with trypanotolerant animal species

dx.doi.org/10.1016/j.molbiopara.2011.06.006
http://www.sciencedirect.com/science/journal/01666851
mailto:mcf34@cam.ac.uk
dx.doi.org/10.1016/j.molbiopara.2011.06.006
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uch as Bos indicus, and tells us several things about the para-
ite. Firstly, T. brucei is able to survive and proliferate within many
ifferent mammalian hosts. Second, the trypanosome, at the pop-
lation level, can evade the entirety of the host immune system.
hird, there is differential interaction between parasite and host,
uch that in humans the disease is highly virulent, invariably pro-
ressing to death, while by contrast many mammals are able to
odulate the infection and co-exist for a protracted period of
onths or even years, with apparently little negative impact to

ealth [5].
T.  brucei cycles between a mammalian and tsetse fly host.

ubstantial remodeling, of many cellular processes and morphol-
gy, accompanies differentiation between the major proliferative
tages, the mammalian bloodstream form and the insect procyclic
nd epimastigote forms. These rapidly proliferating stages are
nterspersed with additional life cycle intermediates, where cell
ivision appears to halt and essential pre-adaptations to the next
ost occur [6].  For example, on entering the mammalian host, the
arasite must successfully respond to increased temperature, acti-
ate [or have activated, see 7] immune evasion mechanisms and be
repared for significant changes to the biochemical composition of
he environment, triggering mechanisms required for acquisition of
utrients. Furthermore, the overall architecture of the cell and posi-
ioning of the organelles change on transitioning between life cycle
tages, which is supported by major alterations in gene expression.
ssentially this constitutes a ‘wheel of death’, i.e. a series of inter-
ocking processes that ensure the demise of the human host. In this

inireview we consider some of the specializations of the T. brucei
loodstream form, what underpins evolutionary selection for these
hanges and if there is potential for therapeutic exploitation based
n these adaptations (Fig. 1).

. Evasion of the acquired immune system

.1. Surface coat remodeling

One of the most fundamental changes that occur between the
nsect vector and mammalian bloodstream forms of T. brucei is that
o the parasite cell surface (Fig. 2). The procyclic form, present in
he midgut of the tsetse fly, possesses a protease-resistant surface
oat composed of the procyclin proteins, while the surface coat
f epimastigote forms (a life cycle stage found in the fly salivary
land) consists mainly of an alanine-rich protein called BARP [8].
ltimately, the bloodstream form expresses a single variant surface
lycoprotein (VSG) over the entire plasma membrane. Upon inoc-
lation into the mammalian host, both procyclic and epimastigote
orms are sensitive to complement-mediated lysis, yet the blood-
tream form is obviously able to survive and establish infection.
his implies that there must be another life cycle stage in the fly
hat is pre-adapted against the host immune system. This crucial
ole is filled by the metacyclic form which develops and acquires a
SG coat while still in the fly salivary gland, although this surface
oat is composed of one of a small selection of metacyclic-specific
SG genes. The metacyclic stage also has many of the morphological
nd biochemical characteristics of the bloodstream form, but it is
on-proliferative. Once metacyclic parasites enter the mammalian
ost, a series of biochemical signals trigger their transformation

nto the typical slender form of a bloodstream trypanosome, which
an proliferate.

The dense ∼15 nm-thick VSG surface coat not only protects the
loodstream parasite against complement-mediated lysis, but also

hields a great many invariant proteins from recognition by the host
cquired immune system [9,10].  Each VSG molecule is composed of

 large, alpha-helical N-terminal domain comprising the forefront
f the immunological barrier [11,12], whereas a small C-terminal
al Parasitology 179 (2011) 51– 58

domain links the VSG dimer to the plasma membrane via a glyco-
sylphosphatidylinositol (GPI) anchor [13,14]. The invariant surface
proteins, i.e. those that are expressed by all T. brucei bloodstream
variants, remain poorly characterized, but include the transferrin
and the haptoglobin–haemoglobin receptors [15–17],  families of
nucleotide and sugar transporters [18], a repertoire of adenylate
cyclases [19] and at least two  families of type I trans-membrane
domain proteins, designated invariant surface glycoproteins (ISG)
65 and 75 (due to their apparent molecular of 65 and 75 kDa,
respectively) [20]. Expression of ISG65 and 75 is up-regulated upon
differentiation to the bloodstream form and their trafficking and
turnover is highly distinct to that of VSG [21], yet the roles they
play in infection remain unknown.

While it is the conventional wisdom that the VSG coat forms
a physical barrier around the parasite [11], experiments on live
cells report antibody recognition to ISG65, followed by internaliza-
tion and delivery of the ISG65–antibody complex to the endosomal
system [22]. Despite these findings, prophylactic immunization of
mice with recombinant ISGs does not appear to confer any signif-
icant degree of protection against subsequent infection [23]. More
recently, studies demonstrated that antibodies could not contact
epitopes beneath the N-terminal domain, preventing recognition
of the VSG C-terminal region in live cells. This suggests that the
dense packing of VSG molecules does indeed significantly modulate
the ability of immunoglobulin to recognize many surface determi-
nants [24]. However, these observations are restricted to the VSG
itself, and the level of exposure of other surface molecules has yet
to be accurately mapped. Tethering of VSGs to a single leaflet of
the plasma membrane by a GPI anchor enables these antigenic
molecules to be highly mobile without cytoskeletal interactions
[25]. Therefore, it is possible that antibody binding at the parasite
surface is significantly influenced by the fluidity of the VSG coat,
whereby lateral diffusion of VSG molecules potentially exposes
underlying invariant epitopes sufficiently to allow antibody recog-
nition. Documenting the dynamic processes at the trypanosome
surface is fundamental to understanding the mechanisms by which
the mammalian immune system interacts with the parasite, and an
area that deserves greater systematic enquiry.

2.2. Antigenic variation

Despite being the major determinant of immune evasion, the
VSG itself is highly antigenic, such that eventually the host gener-
ates a sufficient antibody titre to eliminate the parasite. To survive,
the parasite has evolved an exceptionally effective evasion mech-
anism whereby periodically it switches the single expressed VSG
gene from a vast silent library to an immunologically distinct, novel
one. There are about 2000 VSG and VSG-related genes and pseudo-
genes in the genome [26], and mosaic gene formation potentially
allows an even greater repertoire of distinct antigenic forms of
VSGs [27]. VSG switching is probably essentially stochastic and
largely the result of homologous recombination into an active
telomeric expression site (ES) [28]. Monoallelic transcription of
the VSG occurs in a specialized region of the bloodstream-form
nucleus called the expression body site or ESB [29]; all other VSG
genes are either unassociated with a promoter or positioned within
the nuclear periphery such that expression is repressed. There is
remarkably low amino acid identity shared between VSG variants
(∼15%), but the secondary and tertiary structures remain very sim-
ilar [12]. This is probably important to the role of VSG in immune

evasion, as antigenically distinct VSGs must be able to alter many
accessible amino acids if they are to avoid recognition by existing
host immunity, yet also allow packing of VSG at the cell surface to
maintain the protective coat.
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antigenic variation

surface shielding

clearance of 
immune complexes 

expression of SRA

levels of HbHp receptor

surface proteome remodeling 

cell shape remodeling

activation of endocytosis
and recycling 

energy metabolism remodeling 

organelle repositioning

Evasion of acquired immune response

Evasion of innate immune response

Biochemical and morphological adaptations

Fig. 1. The wheel of death and the multiple factors permitting trypanosome infection and pathology. At least three distinct overarching challenges in host–parasite interactions
have  to be met  by African trypanosomes in order to survive in the mammalian host; (i) evading the acquired immune system (magenta), (ii) evading innate defense mechanisms
(green) and (iii) adapting to the local biochemical and physiological environment (grey). Each can be subdivided into distinct mechanistic processes, where we  have good
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vidence that the process is vital (bold), more circumstantial evidence or, presently,
he  shift to the bloodstream form from the insect stages can, for the most part, be
eriod  of many generations, or arise through a direct and necessary consequence o
hown  as a schematic at the center, with the kinetoplast and nucleus in blue.

.3. Antibody clearance

Antigenic variation is the major mechanism of chronic immune
vasion but, as an important adjunct, the bloodstream parasite
s pre-adapted to actively recycle the surface coat, facilitating
apid removal of VSG–antibody complexes, and presumably also
SG–antibody complexes [7]. The trypanosome flagellum and flag-
llar motility also contribute to this strategy – hydrodynamic forces
enerated by trypanosome motility result in surface drag. As this
rag is increased by an immunoglobulin bound to a VSG, the
SG–antibody complexes are propelled towards the posterior of

he cell [30]. This mechanism may  explain why ablation of many

agellar proteins is lethal to the bloodstream form both in vitro [31]
nd in models of infection [32], but not to procyclic parasites. In fact,

 recent genome wide study shows that up to half of knockdowns
ausing bloodstream-form growth defects are of genes associated

ig. 2. Simplified schematic representation of some of the developmental forms found in t
his  form is proliferative, while an interrupted circle accompanies a non-proliferative for
iochemical, cellular and morphological changes for each cell form.
at all. While potentially a teleological argument, the major changes that accompany
ed to contribute in some manner to fitness, and hence will be selected for over a

 an adaptation; the precise reasons are not always fully clear. The trypanosome is

with flagellar function [33]. Importantly, the very high rates of
endocytic and recycling membrane transport in bloodstream form
parasites are constitutive and do not require an antibody-mediated
signal for activation, so the increased number of gene products
required for normal proliferation uncovered by these studies most
probably reflect this more active configuration of the transport sys-
tem, rather than being a direct impact on antibody uptake. Whereas
antigenic variation allows long-term survival of the infecting pop-
ulation but not of specific individuals, clearance of surface-bound
immunoglobulin is an important contributor to the survival of indi-
vidual parasites.
2.4. Activation of the endocytic system

Antibody–VSG complexes are internalized by clathrin-mediated
endocytosis at the flagellar pocket [34], the sole site of endo- and

he life cycle of T. brucei.  A circular arrow above a developmental form indicates that
m. Features encompassed by horizontal grey lines represent some of the principal
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xocytosis performed by the parasite. From Rab5-positive early
ndosomes, antibodies are targeted to the lysosome for degrada-
ion via Rab7-positive late endosomes, whereas VSG is efficiently
ecycled to the cell surface [35]. Assuming that this process is
ital for survival within the host, it is most probably significant
hat the requirement for rapid capping and internalization of VSG-
ound antibodies coincides with up-regulation of components of
he endocytic pathway in metacyclic- and bloodstream-form para-
ites, especially as endocytosis imposes significant energy demands
or the parasite [7,36].  Indeed, mRNA levels of clathrin and the recy-
ling endosomal marker Rab11 are all increased in metacyclic and
loodstream forms when compared to the procyclic stage [7,37].
urther, the endocytic system seems to have a very specific path-
ay for VSG, as ISG65 and ISG75 are sorted away from VSG in a
biquitin-dependent manner, which results in a significantly short-
ned half-life for these invariant proteins [22,38–40].  Additional
daptations are also evident in the trypanosome endocytic system,
ll of which may  contribute to heightened efficiency for removal
f material from the surface [10]. Importantly, this system may
lso account for the absence of a protective effect by immuniza-
ion with ISG protein [23]; if the parasite is able to internalize
SG-specific antibodies efficiently, no protective effect would be
bserved despite recognition of the parasite surface and observa-
ions that such antibodies are produced by infected mammalian
osts in vivo [41].

Though these findings highlight a potentially essential contribu-
ion of the endocytic pathway to survival in the host, most studies
ave been on parasites in axenic culture, so the precise contribu-
ion to trypanosome infectivity remains to be directly interrogated.
ecently, we used clathrin heavy chain hemizygotes and para-
ites expressing mutant forms of Rab5 and Rab11 to induce less
otent impacts on endosomal trafficking than full functional abla-
ion [42]. Surprisingly, clathrin hemizygotes, and the Rab5 and
ab11 mutants were able to establish infections in mice. However,
sing a low number of parasites to initiate infection, it was found
hat the Rab11 recycling pathway contributed to survival in mice,
hile similar effects were not observed for either clathrin or Rab5.
hile interpretation of these data is complex and should be treated
ith caution, one possible suggestion is that bloodstream-form
arasites operate an endocytic system in excess of that required
or survival in mice, but that impairment in recycling of VSG to the
urface somehow leads to compromised survival. While this study
epresents the first attempt to directly analyze the role of endocy-
osis in an in vivo context, these experiments were also performed
ith hypervirulent trypanosomes and over very short periods of

nfection. Therefore, it is likely that the full scope of interactions
etween host immunity and the parasite endosomal system remain
o be uncovered, and additional investigations are required to fully
ddress the functions and modifications of the bloodstream form
ndocytic pathway in establishing chronic infections in mammals.

. Evasion of innate immune responses

The last ten years or so have seen the characterization of an
mportant and exciting aspect of bloodstream form biology, and
ne that has a major impact on the ability of trypanosomes to
nfect humans. A large number of wild mammalian species in Africa
re natural trypanosome reservoirs, but many higher primates and
umans are resistant to infection by some strains of T. brucei.  The

dentity of at least one primate-specific trypanolytic factor has been
emonstrated as the serum protein apolipoprotein L1 (ApoL1),

resent in a subset of HDL particles that also contain haptoglobin-
elated protein (Hpr) and ApoA1, and referred to as trypanosome
ytic factor (TLF) [reviewed in 43, 44]. As trypanosomes are deficient
n haem biosynthesis [26], they need to accumulate haem from
al Parasitology 179 (2011) 51– 58

the host using a surface receptor for the haptoglobin–haemoglobin
(Hp–Hb) complex [17]. The Hp–Hb receptor (TbHpHbR) is attached
to the membrane by a single GPI-anchor, and restricted to the flagel-
lar pocket and associated endosomes. TbHpHbR recognizes Hpr–Hb
complexes, which increases the efficiency of haem accumulation.
In humans, however, uptake of Hpr-containing HDL particles also
conveys ApoL1 to the cell interior. Once internalized, a pH-sensitive
membrane-targeting domain in ApoL1 appears to direct the pro-
tein to the lysosomal membrane, where anionic pore-forming
activity triggers Cl− ion influx from the cytoplasm. The resulting
osmotic imbalance leads to lysosomal swelling and eventual rup-
ture [45–47].

Therefore, ApoL1 represents an innate immune mechanism
rendering several higher primate species resistant to T. b. brucei
infection, and which exploits an essential parasite requirement to
scavenge host haem. However, two T. brucei subspecies, T. b. rhode-
siense (causing acute HAT in southern and eastern Africa) and T. b.
gambiense (causing chronic HAT in western and central Africa) are
resistant to ApoL1-mediated lysis, raising the question of how the
bloodstream stages of these parasites evolved mechanisms facili-
tating human infection.

T. b. rhodesiense is genetically identical to T. b. brucei,  except
for the presence of a serum-resistance associated (SRA) gene [48].
SRA is a very divergent VSG-related molecule which lacks much of
the N-terminal surface loops. A current model proposes that SRA
interacts with the C-terminal region of ApoL1 and neutralizes the
pore-forming activity in the endosome, prior to ApoL1 reaching
the lysosome [46,49,50].  Importantly, the absence of significant
sequence variation in SRA genes from different T. b. rhodesiense
strains indicates that SRA is a recent acquisition, and may  broadly
correlate with the origins of humans and related primates in Africa.
Unlike humans, baboons and several other primates including man-
drills and sooty mangabeys, are not susceptible to infection by T. b.
rhodesiense [51,52]. It appears that two specific lysine residues at
the C-terminus of baboon ApoL1, that are absent from the human
ortholog, prevent interaction between ApoL1 and SRA, such that
baboon ApoL1 is able to kill T. b. rhodesiense [53]. Significantly, when
expressed in mice, baboon ApoL1 can confer protection against T. b.
rhodesiense [53], showing the central importance of the ApoL1-SRA
interaction to innate resistance to T. b. rhodesiense.

In sharp contrast, human-infective T. b. gambiense lacks an SRA
gene. Hence the mechanism of avoidance of TLF killing must lie
elsewhere. Recently it was  demonstrated that resistance to human
serum-mediated lysis is a consequence of reduced expression and
mutations to the T. b. gambiense TbHpHbR gene [54]. Therefore, by
having lower copy number and/or an altered receptor on its surface,
T. b. gambiense reduces internalization of Hpr/ApoL1-containing
HDL particles, so avoiding lysis [54,55].  Given that trypanosomes
rely on host haem for optimal growth and protection against
oxidative damage by host macrophages, reduced Hp/Hb uptake
may incur a fitness cost to the parasite [54,55].  Alternatively,
additional mechanisms for haem uptake may be present in T. b.
gambiense.

Interestingly, two rare alleles of APOL1 are common in North
Americans of African descent, the presence of either confers resis-
tance to both T. b. rhodesiense and T. b. brucei,  but is also linked to
an increased risk of renal disease [56]. This situation is very rem-
iniscent of the association between resistance to severe malaria
infection and the sickle cell haemoglobin allele [57]. It is likely that
the defective protein prevents SRA from binding and neutralizing
the trypanolytic action of these rare ApoL1 variants. Moreover, the
fact that the defective gene only occurs in individuals of African ori-

gin suggests that natural selection might have fixed APOL1 mutants
to counteract against parasite infection [56]. The exploitation of
these natural ApoL1 variants as well as baboon ApoL1 offers great
potential for the development of both human and animal-targeted
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rofiles would result from environmental or immunological pressures, such that t
or  example requiring continual expression of VSG genes in bloodstream stages, o
etaining these mechanisms.

herapeutics, and underscores how a study of basic immune mech-
nisms can lead to very real practical potential [58].

. Biochemical and morphological adaptations

Immune effectors aside, the bloodstream of the mammalian
ost is also a very distinct environment to that of the tsetse fly in
erms of nutrients, pH, temperature and mechanical stress. In order
o meet this challenge, the parasite remodels its surface coat but
lso triggers large-scale biochemical adjustments to facilitate pre-
daptation. Among these, probably the most intensely studied are
hose changes that occur in energy metabolism. Upon injection of

etacyclic parasites from the fly salivary gland into the mammalian
loodstream there is a switch from performing oxidative phospho-
ylation using the mitochondrion to relying entirely on glycolysis
or ATP production. This is reflected in substantial changes in

itochondrial morphology; in contrast to the highly branched,
isternae-rich organelle of the insect form, a bloodstream-form
ell possesses a less developed mitochondrion with substantially
ewer branches [59,60]. In the glucose-rich environment that is

he mammalian bloodstream, and with an abundance of glucose
ransporters on the surface of the parasite [61], shutting down

itochondrial metabolic function allows a reduction in protein
iosynthetic requirements. This may  not only conserve energy but
e available area to the parasite is in fact much smaller than theoretically possible,
 secondary loss of stress responses due to an absence of a selective advantage for

also substantially reduce oxidative stress resulting from the flux of
electrons through the transport chain at the mitochondrial inner
membrane, and might convey a further selective advantage to the
trypanosome.

Another well-studied biochemical pre-adaptation relates to the
biosynthesis of large poly-N-acetylactosamine (pNAL) N-glycan
moieties [62], which are present only in the bloodstream form,
and associated with proteins of the flagellar pocket and endo-
somes [62,63]. As these large N-linked glycans are not detected in
other regions of the plasma membrane or other intracellular com-
partments, these moieties have been suggested to play a role in
determining protein localization in the cell, in particular in endo-
somal targeting [63]. Loss of the pNAL modification due to ablation
of oligosaccharyltransferases can be tolerated in culture, leading to
only a moderate proliferative defect [64]. However, these enzymes
are required for parasite survival in vivo [64], suggesting that the
pNAL glycans, while not required for basic viability, may  make an
essential contribution in infection; however it is unclear what this
mechanism may  be.

Modulation of the overall cell morphology and positioning of

internal organelles critical for parasitism are also pre-adaptations
of trypanosomes [65]. For example, the flagellar pocket is re-
positioned towards the posterior end of the parasite upon
differentiation from the epimastigote to the metacyclic insect
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Fig. 4. Changes in mRNA levels for members of the equilibrative nucleoside transporter (ENT) family as an example of environmental remodeling. mRNA levels in T. brucei
from  long slender forms grown in vivo for the seven identified members of the ENT family of transporters are represented by area. TbNT2-7 transporters share a high
percentage of sequence similarity and related transporter properties and, therefore, have been collapsed into one single group. Fold increase (blue) or fold decrease (yellow)
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n  mRNA levels compared to that of long slender forms in vivo is shown below eac
lack  represents equivalent mRNA levels. There is significant differential regulatio
daptation to distinct environments within the different hosts or culture condition

tages [66]. It is not quite clear how that might contribute to the
uccess of the parasite in the mammalian bloodstream, although it
s tempting to speculate that it may  facilitate VSG-bound antibody
learance from the surface of the parasite by hydrodynamic drag
30]. Mathematical models in which the flagellar pocket is reposi-
ioned more distal from the posterior of the cell suggest that the
elivery of surface molecules to the flagellar pocket becomes less
fficient, consistent with the concept that the posterior positioning
f the organelle is a selective advantage and hence an important
ontributor to the immune evasion mechanism (MCF and Alain
umir, unpublished data). It is unclear if this represents an essen-
ial component of the virulence system, simply offers a selective
dvantage or is a fortuitous consequence of a morphological tran-
ition that occurs for other reasons, what is colloquially known as
n evolutionary spandrel.

Finally, in this regard, the structural appearance of the nucleus
lso changes during the trypanosome life cycle, showing increased
lectron dense material likely corresponding to chromatin conden-
ation in the bloodstream form when compared to the procyclic
nsect stage [67,68].  A differential level of nuclear compaction is
enerally associated with transcriptional status, and it is possible
hat the heterochromatin-rich bloodstream nucleus correlates with

 default mechanism for switching off all inactive VSG genes. At
his time the only very clear example of compartmental special-
zation that has been documented for the bloodstream nucleus is
he presence of the ESB [29], but it is unlikely that this is the sole
spect.

. Gene expression changes – a whole genome view

Transcriptome analysis, i.e. measurement of levels of all mRNA
n a cell at a given time, has the potential to allow very pre-
ise definition of pathways and processes altering during life
ycle adaptation. Transcriptome analysis is very much influenced

y the minor role of promoters in trypanosomes for control of

ndividual transcript levels, with the result that most mRNA are
ost-transcriptionally regulated [69] (Fig. 3). Early studies iden-
ified limited changes to mRNA levels between bloodstream and
sporter, for long slender in vitro, short stumpy in vivo and procyclic in vitro cells.
RNA for this family of transporters, which may  suggest modifications to facilitate

resentation of mRNA levels is based on qRT-PCR data (not shown).

procyclic stages [70,71], suggesting that significant changes to
a small cohort of genes were sufficient for life cycle remodel-
ing. Subsequent studies have indicated more extensive regulation
[21,72]. The latter study demonstrated that >90% of predicted
ORFs are transcribed, and detected very limited mRNA level
variance between proliferative and non-proliferative bloodstream
forms. The most highly expressed genes include those involved
in the cytoskeleton, translation and several other core processes,
but with a significant number of uncharacterized gene prod-
ucts. This suggests that alterations to cell morphology and much
of the basic cell biology of bloodstream forms arises via reg-
ulatory proteins, present at lower copy number, rather than
direct remodeling of the high abundance structural proteins,
and hence the structures, themselves. Where variable expression
between life stages is most notable is in primary metabolism,
DNA metabolism and translation. By contrast, ubiquitin pathways
and chromatin-remodeling factors are comparatively invariant,
consistent with our present understanding of these processes
[72].

Investigations of stress conditions suggest a rather static and
inflexible transcriptional system in bloodstream-form parasites,
where there may  be alterations at the protein level that are not
reflected at the mRNA level [21] (Fig. 3). This may be partly due
to the absence of pathways associated with modulation of mRNA
due to stress that are present in most other organisms, including
the unfolded protein response, activated in response to chemical
insults such as dithiotreitol and tunicamycin, both of which inter-
fere with protein folding [21]. We  suggest that this phenomenon is
likely a secondary loss, and a similar phenomenon is also observed
for intra-erythrocytic stages of Plasmodium falciparum where con-
ditions within the host bloodstream are normally invariant [73].

An interesting potential example of subtle modulation of
expression to adapt to distinct environments is provided by the
purine scavenge pathway. Similar to most protozoan parasites, try-

panosomes are auxotrophic for purines and therefore rely entirely
on salvage from the host environment for their purine supply [74].
A family of polytopic transporters, the equilibrative nucleoside
transporters (ENTs), present at the cell surface, are responsible
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or nucleoside uptake, as well as several trypanocidal compounds
75]. There are significant differences to the expression of purine
ermeases of the ENT family during progression through the life
ycle (summarized in Fig. 4), with alterations in the levels of mRNA
or several family members between life stages. We  speculate that
his modulation of ENT mRNA levels may  be required to accommo-
ate the likely distinct nucleoside compositions of the mammalian
loodstream and the tsetse fly gut. Similarly, two isoforms of the T.
rucei glucose transporters, trypanosome hexose transporter one
nd two (THT1 and THT2) are found at the cell surface. THT1 is
ost abundantly expressed in bloodstream forms and facilitates a

ow affinity, high capacity glucose uptake system [76]. Therefore,
nique biological roles for these transporters could promote the
iability of the parasite in its natural environment.

In summary, there is clear variance in steady state levels of
RNAs between life stages. Indications of where these differences

ie provide important clues to how the parasite remodels for sur-
ival in the bloodstream. However, discrepancies between datasets,
rising from biological and analytical differences, highlight a need
o standardize conditions, strains and protocols.

. Perspectives

The African trypanosome is among the deadliest of human
athogens, with a fatality rate approaching 100% for untreated

nfections. The high virulence of the East African trypanosome likely
epresents the fact that it is more often a parasite of non-human
ammals. This is supported by the apparently recent evolution of

RA by T. b. rhodesiense as a resistance mechanism against TLF. T.
. gambiense infection is also invariably fatal but does not cause
uch acute illness. For these and other trypanosomes, multiple
volutionary pressures have been exerted, encompassing mech-
nisms for evading both the host acquired and innate immune
ttacks, as well as adapting to the biochemical and physical envi-
onment in the bloodstream. These mechanisms have clearly arisen
t different times during the evolution of the trypanosomes and
elated species: (i) the overall cellular architecture is an ancient
eature shared by all trypanosomatids, and present in insect, plant
nd mammalian-infective lineages; (ii) antigenic variation of the
orm exploited by T. brucei is restricted to African and closely
elated Asian trypanosomes and; (iii) SRA represents a specific and
ost recent adaptation, and is likely associated with the cross-

ng to higher primate hosts. Our understanding of the molecular
asis for many of these processes has advanced greatly in the past
ecade and, together with some resurgence in development of
mall molecule therapeutics against trypanosomes, this knowledge
s showing genuine promise for breaking the bloodstream wheel of
eath.

cknowledgements

The authors thank Flavia Fernandes Moreira-Leite (University of
xford, UK) for the donation of cartoons used in Fig. 2, and Alain
umir (ENS de Lyon, France) for discussions on flagellar pocket posi-
ioning and unpublished data. Work in our laboratory is funded by
roject and program grants from the Wellcome Trust (to MCF), the
RC  (to CG and MCF), and studentships from the MRC  (JMH) and

BSRC (HCA), which are gratefully acknowledged.

eferences
[1] Hotez PJ, Kamath A. Neglected tropical diseases in sub-Saharan Africa: review
of their prevalence, distribution, and disease burden. PLoS Negl Trop Dis
2009;3:e412.

[2]  Burri C. Chemotherapy against human African trypanosomiasis: is there a road
to  success? Parasitology 2010;137:1987–94.

[

[

al Parasitology 179 (2011) 51– 58 57

[3] Paine MF,  Wang MZ,  Generaux CN, et al. Diamidines for human African try-
panosomiasis. Curr Opin Investig Drugs 2010;11:876–83.

[4] Lutje V, Seixas J, Kennedy A. Chemotherapy for second-stage human African
trypanosomiasis. Cochrane Database Syst Rev 2010:CD006201.

[5] Stein J, Ayalew W,  Rege E, et al. Trypanosomosis and phenotypic features of
four indigenous cattle breeds in an Ethiopian field study. Vet Parasitol 2010.

[6] Barry JD, Graham SV, Fotheringham M,  Graham VS, Kobryn K, Wymer B. VSG
gene control and infectivity strategy of metacyclic stage Trypanosoma brucei.
Mol  Biochem Parasitol 1998;91:93–105.

[7] Natesan SKA, Peacock L, Matthews K, Gibson W,  Field MC. Activation of endo-
cytosis as an adaptation to the mammalian host by trypanosomes. Eukaryot
Cell  2007;6:2029–37.

[8] Roditi I, Lehane MJ.  Interactions between trypanosomes and tsetse flies. Curr
Opin Microbiol 2008;11:345–51.

[9] Engstler M,  Thilo L, Weise F, et al. Kinetics of endocytosis and recycling of
the  GPI-anchored variant surface glycoprotein in Trypanosoma brucei.  J Cell
Sci 2004;117:1105–15.

10] Field MC,  Carrington M.  The trypanosome flagellar pocket. Nat Rev Microbiol
2009;7:775–86.

11] Barry JD. The relative significance of mechanisms of antigenic variation in
African trypanosomes. Parasitol Today 1997;13:212–8.

12] Blum ML,  Down JA, Gurnett AM,  Carrington M, Turner MJ,  Wiley DC. A struc-
tural motif in the variant surface glycoproteins of Trypanosoma brucei. Nature
1993;362:603–9.

13] Ferguson MA, Homans SW,  Dwek RA, Rademacher TW.  Glycosyl-
phosphatidylinositol moiety that anchors Trypanosoma brucei variant
surface glycoprotein to the membrane. Science 1988;239:753–9.

14] Jones NG, Nietlispach D, Sharma R, et al. Structure of a
glycosylphosphatidylinositol-anchored domain from a trypanosome variant
surface glycoprotein. J Biol Chem 2008;283:3584–93.

15] Salmon D, Geuskens M,  Hanocq F, et al. A novel heterodimeric transferrin recep-
tor encoded by a pair of VSG expression site-associated genes in T. brucei.  Cell
1994;78:75–86.

16] Steverding D, Stierhof YD, Chaudhri M, et al. ESAG 6 and 7 products of Try-
panosoma brucei form a transferrin binding protein complex. Eur J Cell Biol
1994;64:78–87.

17] Vanhollebeke B, De Muylder G, Nielsen MJ,  et al. A haptoglobin–hemoglobin
receptor conveys innate immunity to Trypanosoma brucei in humans. Science
2008;320:677–81.

18] Bringaud F, Baltz T. Differential regulation of two  distinct families of
glucose transporter genes in Trypanosoma brucei.  Mol  Cell Biol 1993;13:
1146–54.

19] Paindavoine P, Rolin S, Van Assel S, et al. A gene from the variant surface
glycoprotein expression site encodes one of several transmembrane adeny-
late cyclases located on the flagellum of Trypanosoma brucei.  Mol  Cell Biol
1992;12:1218–25.

20] Ziegelbauer K, Multhaup G, Overath P. Molecular characterization of two invari-
ant  surface glycoproteins specific for the bloodstream stage of Trypanosoma
brucei.  J Biol Chem 1992;267:10797–803.

21] Koumandou VL, Natesan SKA, Sergeenko T, Field MC. The trypanosome
transcriptome is remodelled during differentiation but displays limited respon-
siveness within life stages. BMC  Genomics 2008;9:298.

22] Chung W-L, Carrington M,  Field MC.  Cytoplasmic targeting signals in trans-
membrane invariant surface glycoproteins of trypanosomes. J Biol Chem
2004;279:54887–95.

23] Ziegelbauer K, Overath P. Organization of two invariant surface glycopro-
teins in the surface coat of Trypanosoma brucei.  Infect Immun 1993;61:
4540–5.

24] Schwede A, Jones N, Engstler M, Carrington M.  The VSG C-terminal domain
is  inaccessible to antibodies on live trypanosomes. Mol  Biochem Parasitol
2011;175:201–4.

25] Bülow R, Overath P, Davoust J. Rapid lateral diffusion of the variant surface
glycoprotein in the coat of Trypanosoma brucei.  Biochemistry 1988;27:2384–8.

26] Berriman M,  Ghedin E, Hertz-Fowler C, et al. The genome of the African try-
panosome Trypanosoma brucei.  Science 2005;309:416–22.

27] Marcello L, Barry JD. Analysis of the VSG gene silent archive in Trypanosoma
brucei reveals that mosaic gene expression is prominent in antigenic variation
and is favored by archive substructure. Genome Res 2007;17:1344–52.

28]  Bernards A, Van der Ploeg LH, Frasch AC, et al. Activation of trypanosome surface
glycoprotein genes involves a duplication-transposition leading to an altered
3′ end. Cell 1981;27:497–505.

29] Navarro M,  Gull K. A pol I transcriptional body associated with VSG mono-allelic
expression in Trypanosoma brucei.  Nature 2001;414:759–63.

30] Engstler M, Pfohl T, Herminghaus S, et al. Hydrodynamic flow-mediated protein
sorting on the cell surface of trypanosomes. Cell 2007;131:505–15.

31] Broadhead R, Dawe HR, Farr H, et al. Flagellar motility is required for the via-
bility of the bloodstream trypanosome. Nature 2006;440:224–7.

32] Griffiths S, Portman N, Taylor PR, Gordon S, Ginger ML, Gull K. RNA interference
mutant induction in vivo demonstrates the essential nature of trypanosome
flagellar function during mammalian infection. Eukaryot Cell 2007;6:
1248–50.
33] Alsford S, Turner DJ, Obado SO, et al. High-throughput phenotyping using paral-
lel sequencing of RNA interference targets in the African trypanosome. Genome
Res 2011;21:915–24.

34] Allen CL, Goulding D, Field MC.  Clathrin-mediated endocytosis is essential in
Trypanosoma brucei.  EMBO J 2003;22:4991–5002.



5 hemic

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

8 C. Gadelha et al. / Molecular & Bioc

35]  Grünfelder CG, Engstler M,  Weise F, et al. Endocytosis of a
glycosylphosphatidylinositol-anchored protein via clathrin-coated vesi-
cles, sorting by default in endosomes, and exocytosis via RAB11-positive
carriers. Mol  Biol Cell 2003;14:2029–40.

36] Natesan SK, Peacock L, Leung KF, Gibson W,  Field MC.  Evidence that low endo-
cytic activity is not directly responsible for human serum resistance in the
insect form of African trypanosomes. BMC  Res Notes 2010;3:63.

37] Morgan GW,  Allen CL, Jeffries TR, Hollinshead M,  Field MC.  Developmental and
morphological regulation of clathrin-mediated endocytosis in Trypanosoma
brucei.  J Cell Sci 2001;114:2605–15.

38] Chung W-L, Leung KF, Carrington M, Field MC.  Ubiquitylation is required
for degradation of transmembrane surface proteins in trypanosomes. Traffic
2008;9:1681–97.

39] Leung KF, Dacks JB, Field MC.  Evolution of the multivesicular body ESCRT
machinery; retention across the eukaryotic lineage. Traffic 2008;9:1698–716.

40] Leung KF, Riley FS, Carrington M,  Field MC.  Ubiquitylation and developmental
regulation of invariant surface protein expression in trypanosomes. Eukaryot
Cell 2011;10:916–31.

41] Giroud C, Ottones F, Coustou V, et al. Murine models for Trypanosoma brucei
gambiense disease progression – from silent to chronic infections and early
brain tropism. PLoS Negl Trop Dis 2009;3:e509.

42] Natesan SK, Black A, Matthews KR, Mottram JC, Field MC.  Trypanosoma brucei
brucei:  endocytic recycling is important for mouse infectivity. Exp Parasitol
2011;127:777–83.

43] Pays E, Vanhollebeke B. Mutual self-defence: the trypanolytic factor story.
Microbes Infect 2008;10:985–9.

44] Wheeler RJ. The trypanolytic factor-mechanism, impacts and applications.
Trends Parasitol 2010;26:457–64.

45] Pérez-Morga D, Vanhollebeke B, Paturiaux-Hanocq F, et al. Apolipoprotein L-I
promotes trypanosome lysis by forming pores in lysosomal membranes. Sci-
ence 2005;309:469–72.

46] Vanhamme L, Paturiaux-Hanocq F, Poelvoorde P, et al. Apolipoprotein L-I is the
trypanosome lytic factor of human serum. Nature 2003;422:83–7.

47] Vanhollebeke B, Lecordier L, Perez-Morga D, Amiguet-Vercher A, Pays E. Human
serum lyses Trypanosoma brucei by triggering uncontrolled swelling of the
parasite lysosome. J Eukaryot Microbiol 2007;54:448–51.

48] Xong HV, Vanhamme L, Chamekh M,  et al. A VSG expression site-associated
gene confers resistance to human serum in Trypanosoma rhodesiense. Cell
1998;95:839–46.

49] Lecordier L, Vanhollebeke B, Poelvoorde P, et al. C-terminal mutants of
apolipoprotein L-I efficiently kill both Trypanosoma brucei brucei and Try-
panosoma brucei rhodesiense. PLoS Pathog 2009;5:e1000685.

50] Oli MW,  Cotlin LF, Shiflett AM,  Hajduk SL. Serum resistance-associated protein
blocks lysosomal targeting of trypanosome lytic factor in Trypanosoma brucei.
Eukaryot Cell 2006;5:132–9.

51] Lugli EB, Pouliot M,  Portela MDPM,  Loomis MR,  Raper J. Characterization of
primate trypanosome lytic factors. Mol  Biochem Parasitol 2004;138:9–20.

52] Poelvoorde P, Vanhamme L, Van Den Abbeele J, Switzer WM,  Pays E. Distribu-
tion of apolipoprotein L-I and trypanosome lytic activity among primate sera.
Mol  Biochem Parasitol 2004;134:155–7.

53] Thomson R, Molina-Portela P, Mott H, Carrington M,  Raper J. Hydrody-
namic gene delivery of baboon trypanosome lytic factor eliminates both
animal and human-infective African trypanosomes. Proc Natl Acad Sci USA

2009;106:19509–14.

54] Kieft R, Capewell P, Turner CMR, Veitch NJ, MacLeod A, Hajduk S.
Mechanism of Trypanosoma brucei gambiense (group 1) resistance to
human trypanosome lytic factor. Proc Natl Acad Sci USA 2010;107:
16137–41.

[

al Parasitology 179 (2011) 51– 58
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