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Bloodstream-form cells of Trypanosoma brucei exhibit
massively increased endocytic activity relative to the
insect midgut stage, enabling rapid recycling of variant
surface glycoprotein and antibody clearance from the
surface. In addition, recent advances have identified a
role for receptor-mediated endocytosis in the uptake of
the antitrypanosomal drug, suramin, via invariant sur-
face glycoprotein 75, and in the uptake of trypanosome
lytic factor 1 via haptoglobin—~haemoglobin receptor.
Here, we argue that receptor-mediated endocytosis
represents both a validated drug target and a promising
route for the delivery of novel therapeutics into
trypanosomes.

African trypanosomes: toxins and receptors

The African trypanosomes have been a scourge of Africa for
centuries, rendering large swathes of the continent unus-
able for livestock-based agriculture, and causing several
epidemics of human African trypanosomiasis (HAT) in the
20th century [1]. There are currently five drugs used to
treat HAT. Although these drugs can be effective, they are
far from ideal due to their subspecies specificity, toxicity to
patients, the complexity of their administration, and the
emergence of resistance (Box 1) [2]. Although no new drugs
have been approved for the treatment of HAT since the
1980s, when eflornithine was introduced, there have been
some recent successes, including development of nifurti-
mox—eflornithine combination therapy [3], and the transi-
tion of new and promising orally administered compounds
into early-stage clinical testing [2].

Suramin, the oldest anti-HAT drug currently in use,
was developed in the early 20th century following on from
the work of Paul Ehrlich, and remains in use for the
treatment of early-stage East African HAT. A century
ago, Ehrlich recognised that a full characterisation of
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the receptor complement of a pathogen could potentially
lead to the development of effective combination therapies.

When once we are acquainted with the majority of the
chemioreceptors of a particular kind of parasite . .. we
shall have far-reaching possibilities of simultaneous
attack by various agencies. Ehrlich, 1913 [4]

Recent work has identified several of the key proteins
responsible for the uptake and intracellular transit of sur-
amin, highlighting the importance of receptor-mediated
endocytosis to this process [5] and identifying it as an
effective drug delivery strategy in Trypanosoma brucei.
The characterisation of several cell surface receptors, in-
cluding the invariant surface glycoprotein of 75 kDa (ISG75)
[6], responsible for the uptake of suramin [5], and the
haptoglobin—haemoglobin receptor (HpHbR), responsible
for the uptake of human trypanolytic factor 1 (TLF1) [7],
has brought us a step closer to realising Ehrlich’s vision.

Paul Ehrlich: ‘chemiotherapy’ and the development of
suramin

In the early 1900s, Paul Ehrlich tested arsenicals and
synthetic dyes as potential chemotherapies against try-
panosomiasis [8]. Dyes were particularly useful at the time
for this purpose, as efficient staining could reflect efficient
compound uptake, and staining could be compared be-
tween parasite cells and mammalian host cells. The azo
dyes, trypan red and trypan blue, stain and kill trypano-
somes; trypan blue may be familiar to many as a widely
used analytical reagent for assessing viability due to ex-
clusion from most live cells and tissues. Strong dyes are not
ideal chemotherapeutic agents, however, so it was impor-
tant to develop colourless derivatives. Accordingly, the
naphthalene urea, known as Bayer 205, emerged, which
also goes by the names Germanin and suramin.

Studies on drug-resistant or ‘drug-fast’ strains yielded
insights into how drugs are ‘fixed’ by trypanosomes. By
selecting resistant strains, Ehrlich found that trypano-
somes resistant to a specific drug were also resistant
to other compounds in the same class, but not to those
in other classes. He concluded that parasites express
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Box 1. Anti-HAT chemotherapy: the need for new
therapeutic approaches

HAT is generally regarded as fatal if left untreated, and due to
parasite antigenic variation it is unlikely that a vaccine will be
developed against T. brucei. Hence, effective chemotherapy is
essential. Although there are five drugs available for treatment of
HAT, efficacy is limited by subspecies and disease-stage specifi-
city, as well as toxicity and complex administration requiring
hospitalisation [2]. Pentamidine and suramin are used to treat
stage one T. b. gambiense and T. b. rhodesiense, respectively.
Eflornithine is used to treat late-stage T. b. gambiense, whereas
melarsoprol is the only drug effective against both forms of the
parasite during late-stage HAT. Nifurtimox, originally used to treat
Chagas disease, is now used in combination with eflornithine to
treat late-stage T. b. gambiense HAT; the reduced dosing required
with nifurtimox-eflornithine combination therapy (NECT) has led
to greater patient compliance [3]. Treatment failures have been
documented for all available HAT therapies, although these do not
necessarily indicate the presence of bona fide drug-resistant
parasites, as mis-staging of disease and patient compliance will
impact treatment efficacy. However, melarsoprol-resistant trypa-
nosomes have been identified in the field [47], and parasites
resistant to any of the available drugs can be easily generated in
the laboratory. All of these factors highlight the pressing need to
develop new, more effective therapies.

‘different specific chemioreceptors’ that bind these drugs,
with reduction in drug affinity explaining the class-specif-
ic resistance [4].

Ehrlich recognised the importance of identifying the
‘chemioreceptors’ responsible, stating that a complete
knowledge of all possible receptors was an essential com-
ponent of any successful treatment — the more receptors
identified, the greater the possibility of a successful che-
motherapy. He concluded that the first necessary condition
of a specific therapy must be an affinity for a parasite
receptor, the second being toxicity. Thus, Ehrlich sug-
gested a ‘poisoned arrow’ with haptophoric and toxophoric
groups for receptor binding and poisoning, respectively. It
was these, and related studies, that formed the founda-
tions for the guiding principles of the receptor concept and
its importance to chemotherapy [4,8]. This 100-year-old
view still reflects the key principles of modern chemother-
apy and, in our opinion, these principles can now be more
effectively applied, given our current knowledge of several
of these receptors and the downstream mechanisms for
trafficking drugs and other toxins in 7. brucei.

Human trypanolytic factors and the endocytic system

Although two subspecies of T. brucei, Trypanosoma brucet
rhodesiense (T. b. rhodesiense) and Trypanosoma brucei
gambiense (T. b. gambiense), cause disease in humans,
serum trypanolytic factors (TLFs) confer resistance
against other African trypanosomes, including Trypano-
soma brucei brucei (T. b. brucei) and Trypanosoma con-
golense [9]. TLFs come in two forms, TLF1, a component of
high-density lipoprotein [10,11], and TLF2, an IgM/apoli-
poprotein-Al complex [12,13]. Apolipoprotein-L1 (apoLl)
is present in both complexes [14] and is responsible for
trypanolysis due to the formation of pores in the lysosomal
membrane of the parasite and subsequent osmotic swelling
[14,15]. TLF1 also contains haptoglobin-related protein,
and it is via the interaction between this protein and the
T. brucei HpHDbR in the flagellar pocket membrane that
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TLF1is able to enter the parasite, delivering its lytic cargo
into the endocytic system and ultimately the lysosome
[7,16]. Therefore, according to Ehrlich’s scheme, haptoglo-
bin-related protein represents the haptophoric group and
apoL1 represents the toxophoric group [4]. It is unknown
how TLF2 enters the cell [17], but it has been postulated
that entry may be via low-affinity binding to the variant
surface glycoprotein (VSG) coat, whose abundance, rapid
turnover, and recycling through the endocytic system may
explain the efficiency of TLF2-mediated killing [9].

The African trypanosomes have used multiple strategies
to circumvent the innate immunity conferred by TLF and
apoL1, resulting in the modification of its endocytic system
to either limit TLF1 uptake or to prevent apoL1 interacting
with the lysosomal membrane. 7. b. rhodesiense expresses
serum resistance-associated antigen, or SRA, a truncated
VSG [18], which is localised in the endocytic system where it
is able to interact with apoLil and prevent its lytic effect
[19,20]. T. b. gambiense has evolved at least three mecha-
nisms to avoid lysis by TLF1: group 1 parasites have (i)
specific amino acid substitutions in HpHbR [21,22] and (ii)
exhibit reduced HpHbR expression [23], leading to reduced
TLF1 binding and uptake; and (iii) group 2 parasites, al-
though they take up and traffic TLF1 to the lysosome, are
resistant to its effects [24]. Exposure over millennia to this
parasite has led to the evolution of apoLi1 variants in West
African populations, capable of lysing 7. b. rhodesiense,
although at the cost of a higher propensity to develop kidney
disease [25]. Recognising the power of TLF1 as a parasite
toxin, researchers have now joined forces with the innate
immune system in the arms race against the African try-
panosome. For example, truncated apoL.1-conjugated nano-
bodies internalised via VSG endocytosis [26], and apoL1l
variants that are no longer neutralised by SRA [27], repre-
sent potent antitrypanosomal treatments in experimental

Box 2. RITseq and screening RNA.i libraries for toxin efficacy
determinants

The T. brucei RNA. library, developed in the Englund laboratory and
first used in procyclic insect-stage cells [48], has recently been
imported into the bloodstream-stage parasite [38]. Using primers
specific for common sequences flanking the integrated RNAi
expression cassette, the RNAI targets remaining within a population
following selection can be identified either by PCR and sequencing
of individual products [49], or high-throughput sequencing [5]. This
allows for rapid identification of proteins critical to the efficacy of
the selective agent.

The power of this approach is 2-fold. Firstly, it provides an
unbiased loss-of-function approach to assess the contribution of
virtually the full T. brucei gene complement to the efficacy of any
selective agent. Secondly, even proteins regarded as essential to
parasite survival can be identified if the effect of their depletion on
parasite growth is outweighed by the advantage gained under
selection. For example, depletion of AP-1, p67, or cathepsin-L all
generate significant growth defects in cultured bloodstream-form T.
brucei [5,33,50]; however, all three were identified by selection of
the RNAI library in suramin and were subsequently confirmed as
contributing to suramin efficacy [5]. We were able to identify the role
of such proteins in suramin uptake because, although the targeting
fragments in the RNAI library have an average length of ~600 bp,
their length actually ranges from ~100 bp to ~2 kbp; the shorter the
fragment that overlaps the mRNA, the less the target mRNA is
thought to be depleted, meaning that the contribution of otherwise
essential proteins to a process can be observed.



infections. Several other approaches have also been sug-
gested, including the attachment of surrogate ligands to
TLF1 and the development of SRA-binding inhibitors, thus
bypassing the need for TboHpHbR and enabling apoLl to
access the lysosomal membrane [28].

Suramin: uptake and intracellular transit

Suramin is a highly charged molecule, preventing it from
simply entering the cell by passive diffusion. The charged
nature also gives suramin a high affinity for serum pro-
teins, resulting in one of the longest in vivo half-lives of any
drug [29]. Indeed, suramin binding to low-density lipopro-
tein (LDL) and receptor-mediated endocytosis was pro-
posed for suramin uptake by T. brucei 20 years ago [30],
although there is evidence for a non-LDL route of uptake in
insect-stage cells [31]. More recently, high-throughput
sequencing of a suramin-selected RNAi library (Box 2)
identified a cohort of proteins contributing to drug efficacy
[5]. Principal amongst these were the invariant surface
glycoprotein, ISG75, proteins influencing its copy number,
and several components of the endocytic apparatus, includ-
ing AP-1 (adaptin complex-1), GLP-1 (Golgi/lysosomal pro-
tein-1), EMP70 (endosomal membrane protein 70), MFST
(major facilitator superfamily transporter), p67 (major
lysosomal glycoprotein), and cathepsin-L (Figure 1).

The identification of a substantial cohort of endosomal
genes is consistent with a model whereby ISG75 acts as a
major receptor for suramin (or the serum component to
which it is bound) delivering the drug into the degradative
arm of the endocytic pathway [5]. We speculate that sur-
amin is delivered to the lysosome by either the serum
protein carrier being cleaved by cathepsin-L upon reaching
the lysosome or ISG75 being degraded at the late endo-
some. Once free, suramin may inhibit lysosomal enzymes
and may also escape into the cytoplasm via the MFST
channel, resulting in inhibition of other cellular processes.

Exploiting receptor-mediated endocytosis for toxin
delivery

Both TLF and suramin enter 7. brucei by receptor-medi-
ated endocytosis and, in common with suramin, TLF effi-
cacy probably depends upon multiple factors, not limited to
the presence of a surface receptor, but encompassing the
many proteins regulating and constituting the endocytic
system of the parasite. The efficacy of these two trypano-
cides may be influenced by overlapping cohorts of proteins.
Indeed, the lysosomal protein, p67, has been shown to
contribute to 7. b. brucei human serum susceptibility
[32,33] and suramin efficacy [5]. At present, other than
HpHDbR and the importance of the acidic environment in
the lysosome [7,15], the parasite intrinsic determinants of
TLF efficacy are largely unknown. Selecting the blood-
stream-form 7. brucei RNAi library in normal human
serum will reveal the proteins that contribute to the try-
panocidal action of TLF, including components of the
endocytic system.

As outlined above, many determinants of suramin
efficacy are now known. The invariant surface glycopro-
teins, including ISG75, probably constitute the major
proteins being trafficked through the degradative arm
ofthe endocytic pathway (Box 3) [34—36]. This may explain
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Figure 1. The Trypanosoma brucei endosomal apparatus and suramin uptake. The
locations of suramin efficacy determinants are shown. ISG75 is shown at the
flagellar pocket and early and late endosomes. The established marker for the
trypanosome lysosome, p67, is well characterised, and cathepsin-L and the major
facilitator superfamily transporter (MFST) have been localised to the same
compartment [5]. At least two proteins are associated with the endocytic
pathway to the lysosome, the trypanosome orthologues of EMP70 and
myotubularin; the former may participate at both early and late points in the
endosomal system [51], whereas myotubularin in higher eukaryotes is known to
associate with phosphatidylinositol phosphate-5, placing it most probably at the
early endosome in trypanosomes [52]. Three gene products that associate with the
post-Golgi/endosome/lysosomal network were also identified: all four subunits of
TbAP-1, TbVps5, and GLP-1. TbAP-1 mediates transport from the Golgi complex;
although a role for lysosomal delivery has been reported, this does not seem to
affect p67 and its precise function remains unclear [50,53]. GLP-1 is a protein of
unknown function, but it has been localised to both Golgi-associated membranes
and the lysosome, suggesting a role in trafficking between these compartments
[54], whereas TbVps5 is a component of retromer, which mediates transport
between the Golgi and late endosomal system. In trypanosomes, TbVps5 seems to
preferentially affect ISG75 degradation, rather than ISG65, and is primarily located
at late endosomal compartments, rather than the lysosome [39]. Not shown are
ubiquitin hydrolases, which are likely to be cytoplasmic, and mediate their effects
via modulation of ISG75 copy number. ‘*" designates locations based solely on
analogy with orthologues in other organisms, and no data are available for
trypanosomes at this time. TbKIFC1 is associated with acidocalcisomes, with no
evidence for a function within the endosomal apparatus. However, these data are
based on mainly chemical biology approaches, and therefore should be treated
with caution [55].

why suramin (as well as trypan blue, which is excluded
from most other cell types) can enter T. brucei. Although
there is probably >500-fold more VSG than ISG on the
surface of the African trypanosome, and the VSG is endo-
cytosed at a high rate [37], both VSGs and ISGs may
represent a pathway into the cell that could be exploited
for therapy.

It is curious that only ISG75, and not ISG65, was
identified following suramin selection; this is unlikely to
be a false negative as previous analysis suggests that, in
culture at least, ISG65 is nonessential, and hence unlikely
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Box 3. Eyeing up the Big Eye: the endocytic apparatus of African trypanosomes

The endocytic apparatus of all trypanosomatids is focused at the
flagellar pocket, a small invagination towards the posterior pole of the
cell, which provides a sheath around the flagellum as it enters the cell
body. Many intracellular compartments, including the endosomes,
are maintained in a close, coordinated manner at the same pole of the
cell as the pocket [46]. All evidence indicates that the flagellar pocket
membrane is the exclusive site for endocytic activity, and all
endocytosis is clathrin-mediated in trypanosomes, with a number of
specialisations that may serve to facilitate an extremely high flux in
the bloodstream form [56]. These specialisations include the loss of
the AP-2 sorting complex and dynamin from the endocytic apparatus
in bloodstream stages. VSGs can be rapidly taken up by the endocytic
system and recycled back to the cell surface, a process which we and
others have suggested acts as an adjunct to antigenic variation [57].
Rapid endocytosis allows removal from the surface and subsequent
degradation of surface-bound antibodies, but efficient recycling
maintains an intact VSG coat [58].

The molecular atlas of the endocytic apparatus indicates that
trypanosomes have a conventional, although simplified, endocytic
system, consisting of early, sorting, and late endosomal compart-
ments, together with a multivesicular body (MVB)/ESCRT system for
the sorting of ubiquitylated proteins, and a terminal lysosome for
degradation (Figure 1). Most recently, studies of 65 and 75 kDa trans-
membrane domain ISG families revealed that these molecules are

to have been excluded by the screen [38]. Notably, both
ISG65 and ISG75 are type 1 trans-membrane domain
proteins with similar copy numbers, are comparatively
similar in architecture, and rapidly turned over by related
ubiquitylation-dependent pathways [36]. Recent data sug-
gest differences between the trafficking of ISG65 and ISG75.
Knockdown of TbVps5, part of the retromer complex in-
volved in transport between late endosomes and the Golgi
complex, has a stabilising effect on ISG75 but not ISG65
[39]. Conversely, knockdown of RME-8, which mediates late
endosomal and recycling pathways, has a more profound
effect on ISG65 than ISG75 turnover [34]. Additionally,
ISG75 has a shorter half-life [36]. These data suggest that
ISG65 and ISG75 trafficking is nonequivalent. Further-
more, the retention of these two gene families across the
African trypanosomes is evidence that they are nonredun-
dant. It is unknown what features of ISG75, compared with
ISG65, determines its ability to interact with and mediate
the toxicity of suramin. Also, it is unknown whether there is
an additional suramin receptor beyond ISG75.

Regardless of the precise cellular mechanisms behind
the role of ISG75 in suramin accumulation by T. brucei,
these data indicate that ISG75 (and ISG65) represents a
novel means to access the parasite and deliver trypano-
cides. This has appeal, as the ISGs are specific to the
parasite, and also is conceptually related to oncology
therapies exploiting similarly novel or overexpressed anti-
gens for clinical gain [40]. Most obviously, the design of
compounds related to suramin or screened for binding to
ISG75 (or even ISG65) may represent a targeted route by
which novel trypanocidal drug entities can be identified.
Several pre-existing trypanocides have been noted to pos-
sess similar properties to suramin [41], and efforts are
underway to determine if these compounds also enter the
cell via ISG75, which would go part way towards justifying
such a strategy.

A second, more complex route to utilise the ISGs is as a
portal into the trypanosome for an immunotoxin. Again,
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both efficiently endocytosed and likely to be recycled; moreover, they
are present at fairly high copy number (~1 to 10 x 10* per cell) [34].
Where these molecules differ from VSGs, however, is that their
endocytosis is dependent on ubiquitylation [VSGs are glycosylpho-
sphatidylinositol (GPIl)-anchored proteins and hence cannot receive
this modification] [36,59]. Both ISG65 and ISG75 are turned over
rather rapidly, with half-lives of ~4 h, substantially shorter than VSGs,
estimated as in excess of 30 h. The combination of high abundance
and short half-life results in 1ISG65 and ISG75 being probably the
major endocytic cargo trafficked through to the lysosome via the
MVB, and potentially explains why one of them is involved in suramin
sensitivity.

The extreme rate of bloodstream-form endocytosis also makes the
pathway a potential Achilles’ heel. Specifically, inhibition of endocytic
activity by knockdown of various gene products results in rapid
lethality due to enlargement of the flagellar pocket, a morphology
referred to as Big Eye, due to the appearance of a phase light ‘eye’ in
the cells [56]. Further, N-myristoyltransferase inhibitors also appear to
target endocytosis, as they essentially phenocopy clathrin ablation
[60], and accumulation of specific nanobodies at the flagellar pocket
membrane also elicits a Big Eye phenotype and rapid cell death,
potentially due to de-energisation [43]. Hence, the endocytic pathway
is a vulnerability in itself and offers a viable route into the parasite for
trypanocidal compounds.

this is a strategy that has its origins in oncology, where
efforts to deliver toxins (either small molecule drugs or
peptide based) coupled to an antibody or antibody frag-
ment have long been seen as ‘magic bullets’ [42]. The
presence of VSGs, and the issue of antigenic variation,
has impacted consideration of this as a strategy for treat-
ing African trypanosomiasis, but at least one study has
demonstrated trypanocidal action of nanobodies directed
towards VSG epitopes [26]. The poor level of characterisa-
tion of the remainder of the bloodstream stage surface
proteome and identification of alternative surface proteins
for targeting has been an additional barrier. It is clear that
nanobodies against VSGs elicit rather violent trypanocidal
actions [26,43], indicating that these small molecules can
efficiently access the flagellar pocket. The full exploitation
of ISGs, which potentially avoids issues with antigenic
variation, requires production of antibodies that recognise
the protein while it is embedded in the VSG surface coat on
living cells. This may be difficult to achieve, as the coat is
conformationally distinct in live versus fixed parasites [44],
and although ISG65 can be recognised on living cells [45],
such an approach will require significant refinement before
becoming a viable possibility. The use of nanobodies may
provide superior access to invariant epitopes, offering an
attractive strategy. Further, the ability of TLF1 and sur-
amin to access the cell interior via TboHpHbR and ISG75,
respectively, indicates that these receptors are accessible
for the binding and intracellular delivery of toxins.

Concluding remarks and future perspectives

A high rate of endocytosis is necessary for bloodstream-
form T. brucei to maintain the VSG coat and remove bound
antibodies [37], thus preventing complement-mediated
destruction. We propose exploitation of this Achilles’ heel
for drug delivery. This strategy could minimise the devel-
opment of resistance through reduced drug uptake, as
endocytosis is essential for parasite survival [46]; clearly,
the development of drugs that bind essential receptors



would be desirable in this regard. Alternatively, combina-
tion therapies may be used to minimise the development of
resistance, and these should ideally bind different receptors
and have different intracellular targets. A particular chal-
lenge is the development of selective drugs that are not toxic

to

the mammalian host. As each trypanosome receptor is

expected to display an affinity for a particular host nutrient,

it

is likely that certain host receptors will also display

affinity for these same factors. It will, therefore, be impor-
tant to develop toxins with specific affinity for trypanosome
receptors and/or with specific toxicity for trypanosomes.
TLF clearly shows that selectivity is readily achievable,
providing a precedent for the generation of further specific,
drug-like ligands. There are some validated starting points
in terms of known receptors, but an understanding of all
exploitable trypanosome receptors and their ligands is also
an important goal for future research.

Update

There may be multiple additional candidate target receptors identified in
this study: [Jackson, A.P. et al. (2013) A cell-surface phylome for African
trypanosomes. PLoS Negl. Trop. Dis. 7, e2121].
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