
Quiescent

Quiescent Proliferative

Proliferative

Mammalian host

Insect host

Procyclic form 
(mid-gut)

Metacyclic form 
(salivary glands)

Long, slender 
form (blood)

Short, stumpy 
form (blood)

O P I N I O N

The trypanolytic factor of 
human serum
Etienne Pays, Benoit Vanhollebeke, Luc Vanhamme, 
Françoise Paturiaux-Hanocq, Derek P. Nolan and David Pérez-Morga

Abstract | African trypanosomes (the prototype of which is Trypanosoma brucei 
brucei) are protozoan parasites that infect a wide range of mammals. Human blood, 
unlike the blood of other mammals, has efficient trypanolytic activity, and this 
needs to be counteracted by these parasites. Resistance to this activity has arisen 
in two subspecies of Trypanosoma brucei — Trypanosoma brucei rhodesiense and 
Trypanosoma brucei gambiense — allowing these parasites to infect humans, 
and this results in sleeping sickness in East Africa and West Africa, respectively. 
Study of the mechanism by which T. b. rhodesiense escapes lysis by human serum 
led to the identification of an ionic-pore-forming apolipoprotein — known as 
apolipoprotein L1 — that is associated with high-density-lipoprotein particles in 
human blood. In this Opinion article, we argue that apolipoprotein L1 is the factor 
that is responsible for the trypanolytic activity of human serum.

Similar to other species of African trypano-
some (such as Trypanosoma congolense and 
Trypanosoma vivax), Trypanosoma brucei 
brucei, Trypanosoma brucei rhodesiense and 
Trypanosoma brucei gambiense are proto-
zoan parasites that are transmitted to various 
mammals by tsetse flies (Glossina palpalis 
and Glossina morsitans) (FIG. 1). During 
a blood meal by the tsetse fly, infective 
trypanosome forms, known as metacyclic 
forms, that are present in the salivary glands 
of the fly are inoculated into mammalian 
hosts, such as humans, cattle, antelopes, 
buffaloes and lions. This allows the trans-
formation of the parasites into long, slender 
bloodstream forms, which actively divide and 
colonize the blood until a quorum-sensing 
signal triggers their differentiation into 
short, stumpy forms. These short, stumpy 
forms do not divide and are competent for 
transformation into procyclic forms as soon 
as they are ingested by a tsetse fly. The pro-
cyclic forms then proliferate in the mid-gut 
of the fly and eventually differentiate into 
metacyclic forms after a complex journey in 
the insect vector. The metacyclic forms are 
quiescent and are ready to be transferred 
back to mammals.

Because they reside extracellularly in 
their mammalian hosts, the bloodstream 
forms of trypanosomes need to resist all 
components of host defence. The main 
protective feature of these parasites is a thick 
and dense surface coat, which covers the 
entire plasma membrane. This coat consists 

of a monolayer of ∼107 molecules of a 
single glycoprotein known as variant surface 
glyco protein (VSG). The VSG molecules are 
attached to the plasma membrane by glycosyl-
phosphatidylinositol (GPI) anchors, and 
they form homodimers1. Close interactions 
between adjacent VSG homodimers prevent 
antibodies from reaching the inner antigenic 
determinants of the coat, and the elongated 
shape of the VSGs keeps toxins away from 
the plasma membrane.

In addition to these protective functions, 
VSGs undergo continuous variation, which 
leads to the periodic change of the VSG 
loops that are exposed at the surface of the 
parasite. These loops contain the only anti-
genic determinants of living intact trypano-
somes that are recognized by the immune 
system. Therefore, such variation is known 
as antigenic variation, and it allows the para-
site to evade antibody-mediated clearance2–5. 
Only one VSG variant is produced at any 
one time, because only one VSG allele at a 
time can be transcribed from the repertoire 
of VSG genes, which consists of more than 
1,000 sequences. This transcription occurs 
at one of several VSG gene expression sites 
(ESs), and antigenic variation can result 
from two distinct mechanisms: transcrip-
tional switching between VSG ESs, and 
homologous recombination between the 
active VSG gene and another VSG gene 
from the repertoire.

In addition to the defences that are 
usually encountered in mammals, African 

trypanosomes need to defy a novel innate 
immune mechanism that evolved in humans 
and in some non-human primates — an 
efficient trypanolytic factor that is present 
in serum. Here, we summarize current 
knowledge of the trypanolytic activity of 
human serum and of how trypanosomes 
that infect humans resist this activity. Two 
serum proteins — haptoglobin-related pro-
tein (HPR) and apolipoprotein L1 (APOL1) 
— have been proposed as candidates for 
providing the trypanolytic activity. In this 
Opinion article, we argue that the charac-
terization of the mechanism of resistance 
of T. b. rhodesiense, as well as the study of 
the phenotype of lysis induced by APOL1, 
indicates that APOL1 is the sole factor that is 
responsible for trypanolysis.

Studies of trypanolytic activity
Between 1902 and 1912, Laveran and 
Mesnil6 reported that sera from humans 
and other primates — such as various Papio 
(baboon), Cercocebus (mangabey) and 

Figure 1 | Life cycle of Trypanosoma brucei. 
The life cycle of T. brucei alternates between the 
insect host (the tsetse fly) and a mammalian host 
(such as humans, cattle, antelopes, buffaloes and 
lions). In both the insect vector and the mam-
malian host, colonization occurs through the 
proliferation of rapidly dividing trypanosome 
forms. These forms eventually transform into 
resting (quiescent) parasite cells that are pre-
programmed for cellular differentiation after 
changes in the environment (that is, transfer from 
one host to the other). The long, slender blood-
stream forms also adapt to their environment 
while present in the mammalian host, and this 
adaptation involves continuous variation of the 
main surface antigen, which is known as variant 
surface glycoprotein.
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Mandrillus (forest baboon) species — kill 
trypanosomes, although they did note differ-
ences in activity between these sera. Human 
serum did not affect the T. brucei subspecies 
that infect humans: that is, T. b. rhodesiense 
and T. b. gambiense. By contrast, sera from 
various Papio species lysed T. b. rhodesiense 
and showed 10–25-fold higher activity than 
human serum against human-serum-
sensitive trypanosomes6. Sera from 
Cercocebus and Mandrillus species were 
much less active against human-serum-
sensitive trypanosomes, and serum from 
Pan troglodytes (chimpanzees) was devoid of 
activity, despite the close evolutionary link 
between chimpanzees and humans6. These 
findings were confirmed in subsequent 
studies, which also showed that serum from 
Gorilla gorilla (gorillas) has trypanolytic 
activity7–9.

Trypanolysis occurs through high-density-
lipoprotein-particle-mediated endocytosis. 
Mainly as a result of the pioneering work of 
Mary Rifkin10,11, the trypanolytic activity was 
shown to be associated with high-density 
lipoprotein (HDL) particles (BOX 1), in 
particular with the densest HDL subfraction, 
HDL3 (REFS 12–15). Further studies indi-
cated that receptor-mediated endocytosis of 
these HDL particles by the trypanosome was 
involved in lysis16–22. In this case, internaliza-
tion of the lytic particles would involve their 
delivery to increasingly acidic compartments 
of the endocytic pathway. That these processes 
occur is supported by the findings that either 
neutralization of the pH of endosomes (with 
a membrane-permeable weak base, such as 
chloroquine)16,17 or inhibition of endo cytosis 
itself (by RNA-interference-mediated 
knock down of actin mRNA)22 results in 
inhibition of lysis. The identity of the 
trypanosome cell-surface receptor for HDL 
particles remains elusive, but it is probably a 
lipoprotein scavenger receptor, because HDL 
particles and low-density lipoprotein (LDL) 
particles have both been shown to compete 
with binding of the trypanolytic factor to 

the trypanosome surface23. However, the 
lipoprotein scavenger receptor of trypano-
somes must considerably differ from that of 
other eukaryotes, because sequence analysis 
did not uncover any candidate genes in the 
trypanosome genome.

HPR as the trypanolytic factor. Purification 
of the trypanolytic HDL particles in the 
HDL3 subfraction yielded two types of com-
plex, which differed in their lipid content 
but contained several of the same proteins, 
including APOA1 and the serine-protease-
like protein HPR24–27. The involvement 
of APOA1 in trypanolysis was quickly 
discounted because of its wide distribution 
among different types of HDL complex and 
because of its failure to show trypanolytic 
activity28–30. Several lines of evidence, 
however, suggested that HPR has a role in 
trypanolysis. First, haptoglobin-specific anti-
bodies, which also recognize HPR, inhibited 
trypanolysis when added to lytic HDL parti-
cles24. Second, haptoglobin, which is similar 
to HPR, also prevented trypanolysis when 
added to these assays of trypanolysis, pos-
sibly as a result of competition30,31 (although 
a differential effect was observed for the two 
types of trypanolytic complex that had been 
purified32–34). Third, HPR is not expressed 
in chimpanzees, the serum of which lacks 
trypanolytic activity (as indicated earlier)6– 9,35. 
Last, HPR was also thought to be the 
specific component of the trypanolytic HDL 
particles that is recognized by the parasite 
cell-surface receptor36.

The trypanolytic effect of the HPR-
containing HDL particles was thought to be 
a consequence of damage to the lysosomal 
membrane. According to Hajduk and col-
leagues16,24,37, HDL particles caused lipid 
peroxidation of the lysosomal membrane 
of the parasite, leading to disruption of this 
membrane, release of proteolytic enzymes 
into the cytoplasm and auto-digestion of the 
parasite cell. The peroxidase activity of HDL 
particles was initially ascribed to a putative 
HPR–haemoglobin dimer24 and then to the 

Fenton reaction between hydrogen peroxide 
and iron (an iron-salt-dependent decompo-
sition of hydrogen peroxide, which generates 
highly reactive hydroxyl radicals)37. Findings 
supporting these views included the inhibi-
tion of lysis by antioxidants and protease 
inhibitors (factors that were proposed to 
block lipid peroxidation and cellular auto-
digestion, respectively)16,24,37, the detection 
of end-products of lipid peroxidation during 
trypanolysis37 and the observation (using 
electron microscopy) of discontinuities in 
the lysosomal membrane of cells undergoing 
lysis16. By contrast, Raper, Tomlinson and 
colleagues27,38 could not detect binding of 
haemo globin to HPR, found no evidence 
of lipid peroxidation, observed no effect of 
anti oxidants and protease inhibitors on 
trypanolysis, and found no reactive oxygen 
intermediates associated with trypanolysis. 
As detailed later, one explanation for these 
conflicting findings could be that both the 
proposed identity and the proposed mode 
of action of the trypanolytic factor were 
incorrect.

Studies of resistance to trypanolysis
In addition to studies of the trypanolytic 
activity, research on the resistance of certain 
trypanosome subspecies to lysis provided 
another angle from which to approach 
identification of the trypanolytic factor. 
In contrast to T. b. brucei, the subspecies 
T. b. gambiense and T. b. rhodesiense escape 
the trypanolytic activity of human serum 
and cause sleeping sickness, a lethal disease 
in humans. T. b. gambiense is permanently 
resistant to human serum. By contrast, 
T. b. rhodesiense loses resistance after being 
isolated from humans and transferred to 
other animals: for example, after 30–70 
passages in mice6,39. Following the injec-
tion of these mice with human serum, 
T. b. rhodesiense regains resistance to lysis, 
and this acquisition of resistance was shown 
to be associated with antigenic variation39. 

Specifically, for a given isolate of 
T. b. rhodesiense, such resistance arising on 
selection in human serum involved a change 
in expression of the VSG to a particular 
VSG variant known as ETat 1.10. This VSG, 
however, was not itself responsible for 
resistance to lysis, because other human-
serum-resistant T. b. rhodesiense clones were 
shown to express different VSGs, including 
VSGs that are expressed by clones that are 
sensitive to lysis39. This paradox was resolved 
by the discovery that, in these trypano-
somes, selection in human serum involved 
transcriptional switching to a particular 
VSG ES, which was named R-ES40. Although 

Box 1 | High-density lipoprotein (HDL) particles

In the blood, most lipids are contained in soluble complexes known as lipoproteins. HDL particles 
are spherical particles that comprise a hydrophobic lipid core (which mainly consists of triglycerides 
and cholesteryl esters) surrounded by a hydrophilic layer (which consists of phospholipids, 
unesterified cholesterol and several proteins that are collectively known as apolipoproteins). 
In terms of protein content, HDL particles mainly contain apolipoprotein A1 (APOA1), which 
specifically captures and solubilizes free cholesterol, thereby enabling HDL particles to function as 
cholesterol scavengers. Several HDL-particle subfractions can be separated on the basis of density. 
The subfraction known as HDL3, which contains both APOL1 and haptoglobin-related protein 
(HPR), is the densest. The high protein content of HDL particles renders them denser than other 
lipoprotein particles, including low-density lipoprotein (LDL) particles.
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R-ES initially contained the gene encoding 
the VSG variant ETat 1.10, replacement of 
this gene by gene conversion resulted in 
conservation of the resistance phenotype, 
indicating that a component of R-ES, but not 
the VSG gene itself, conferred resistance. All 
VSG ESs have polycistronic transcription 
units that contain several genes (known as 
expression-site-associated genes, ESAGs) 
in addition to the VSG gene41, and these are 
under monoallelic control of expression, 
similar to the VSG genes. R-ES was found to 
contain a gene known as serum-resistance 
associated (SRA) (FIG. 2), which had previ-
ously been identified as being transcribed 
only in resistant clones42. The presence of 
this gene in a VSG ES that is systematically 
selected for transcription in human serum 
provided a straightforward explanation for 
its exclusive expression in human-serum-
resistant clones. Transfection of SRA alone 
into T. b. brucei (which is sensitive to lysis 
by human serum) conferred full resistance, 
thereby identifying SRA as necessary and 
sufficient for resistance of T. b. rhodesiense40. 
The finding that SRA is an ESAG present 
in a particular VSG ES explained the link 
between resistance to lysis by human serum 
and antigenic variation.

SRA encodes a truncated VSG that is 
devoid of surface-exposed loops, owing to 
an in-frame deletion43–45. Together with the 
localization of this gene in a VSG ES, this 
finding indicates that SRA was generated by 
antigenic-variation-associated homologous 
recombination of VSG genes. Interestingly, 
another component that is involved in adap-
tation of the parasite to the host, the parasite 
surface receptor for host transferrin, was also 
found to originate from a VSG gene, and the 
genes that encode this heterodimeric recep-
tor are also located in VSG ESs41. So, the 
VSG ESs are loci that result in the generation 
of various VSG-derived proteins that help 
the parasite to adapt to the host.

SRA and R-ES seem to be conserved in 
most isolates of T. b. rhodesiense46–50. So, 
these genetic elements are clearly important 
for the propagation of this trypanosome 
subspecies, for which they are also excel-
lent specific markers51. Given the high 
probability that SRA evolved only once, 
T. b. rhodesiense is likely to have arisen as 
a clone of T. b. brucei that differs mainly or 
solely by its ability to express SRA on selec-
tion in human serum. The genetic variabil-
ity that is observed between T. b. rhodesiense 
isolates is probably a result of spreading of 
R-ES into various backgrounds, through 
genetic exchange48. Using reverse-transcrip-
tion PCR, it has also been shown that R-ES 

Figure 2 | Antigenic variation and resistance to human serum of Trypanosoma brucei rhodesiense. 
a | Genetic mechanisms of antigenic variation. The Trypanosoma brucei genome contains more 
than 1,000 variant surface glycoprotein (VSG) genes (shown as coloured boxes). Only one of these 
VSG variants is expressed at any one time. Gene expression occurs in a telomeric expression site 
(ES), where the VSG gene is co-transcribed with expression-site-associated genes (ESAGs; shown 
as numbered boxes).The T. brucei genome contains a set of 15–20 similar (but not identical) ESs, 
3 examples of which are depicted. In T. b. rhodesiense, one particular ES, known as R-ES, contains 
the serum-resistance associated (SRA) gene, which confers resistance to lysis by human serum40. 
Antigenic variation (that is, the expression of a different VSG variant) can result from two mecha-
nisms (indicated in red): transcriptional switching and homologous recombination. Transcriptional 
switching occurs by a process known as in situ activation, in which expression of the active ES is 
turned off, and expression of a previously silent ES is turned on. This process does not involve DNA 
rearrangement. By contrast, homologous recombination involves replacement of the active VSG 
gene. This can occur by one of two mechanisms: gene conversion, which involves replacement with 
a copy of a VSG gene from the repertoire; or reciprocal exchange, which involves replacement 
with a VSG gene from another ES (and thereby exchange of a VSG gene between two ESs). These 
replacements occur through recombination between homologous regions, such as 70-base-pair 
repeats. b | Gain and loss of resistance to human serum. Tsetse flies inject the mammalian host with 
T. b. rhodesiense in the metacyclic form, and these trypanosomes then transform into long, slender 
bloodstream forms (FIG. 1), in which different VSG ESs can be activated. Only trypanosomes in 
which the R-ES is active can resist lysis by human serum. Under these conditions, in situ activation 
(transcriptional switching) of other VSG ESs is counter-selected (indicated by a small red cross), 
owing to the requirement for SRA expression to resist lysis. Therefore, antigenic variation only 
occurs through homologous recombination targeted to the active VSG gene. In non-human hosts, 
expression of the R-ES seems to be counter-selected, although in situ inactivation of the R-ES does 
require many passages in mice6,39. This counter-selection might result from the absence of most 
ESAGs from the R-ES, because these ESAGs might not be completely dispensable.
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is not active when the parasite is present in 
non-human sera52. This finding indicates 
that R-ES, which lacks several ESAGs 
that are usually found in other VSG ESs40 
(FIG. 2a), is counter-selected when the para-
site is not exposed to human serum (FIG. 2b). 
The data also confirm and explain the early 
observations of Laveran and Mesnil6, as well 

as more recent observations in the field47, 
that T. b. rhodesiense is sensitive to human 
serum when grown in non-primate animals. 
Therefore, when living in non-human hosts, 
T. b. rhodesiense probably does not differ 
from T. b. brucei, but the difference arises 
when T. b. rhodesiense is exposed to human 
serum, which triggers selection of R-ES 

and transcription of SRA. Interestingly, 
T. b. gambiense does not carry SRA, despite 
its constitutive resistance to human serum53. 
Therefore, the mechanism ensuring 
resistance of this subspecies to lysis must 
differ from that of T. b. rhodesiense, and 
this mechanism is under investigation at 
present.

Figure 3 | Models of the three domains of apolipoprotein L1 (APOL1). 
A diagrammatic representation of APOL1 and the location of each of its 
domains is shown in a. The structure of each domain is also shown in a 
ribbon-diagram format in b,c,d, where the protein backbone is shown as 
a coloured ribbon and the amino-acid side chains are shown in black 
(uncharged atoms), blue (positively charged atoms) and red (negatively 
charged atoms). a | APOL1 contains three domains: a pore-forming 
domain, a membrane-addressing domain and an SRA (serum-resistance 
associated)-interacting domain. b | The region of APOL1 that spans the 
methionine residue at position 60 and the tryptophan residue at position 
235 contains a domain that is structurally and functionally similar to the 
ionic-pore-forming domain of bacterial colicins such as colicin A. 
Analogous helices of the two proteins are shown in the same colour. 
Colicin A diagram modified with permission from REF. 64 © (2005) 
American Association for the Advancement of Science. c | The region of 
APOL1 that spans the alanine residue at position 238 and the proline 
residue at position 304 contains a membrane-addressing domain. 
Computer modelling of this region predicts a pH-dependent structure. 
At neutral pH, such as in the blood, the two α-helices of the membrane-

addressing domain interact through two salt bridges (indicated by pink 
squares), which are formed by the side chains of the amino acids indi-
cated. This hairpin structure shows a segregation between hydrophobic 
(orange) and hydrophilic (green) surfaces, as indicated by space-filling 
models. At acidic pH, such as in the lysosome (pH 5.3), the salt bridges are 
predicted to dissociate as a result of neutralization of the negatively 
charged residues, and this would lead to loss of the large hydrophobic 
surface. Experimental evidence indicates that this surface is required for 
the association of APOL1 with high-density lipoprotein (HDL) particles 
and that treatment with acid results in dissociation of APOL1 from HDL 
particles (B.V. and E.P., unpublished observations). Figure modified with 
permission from REF. 64 ©  (2005) American Association for the 
Advancement of Science. d | The region of APOL1 that spans the alanine 
residue at position 339 and the leucine residue at position 398 forms a 
long α-helix that strongly and specifically interacts with the N-terminal 
α-helix of the Trypanosoma brucei rhodesiense protein SRA. The residues 
of SRA that are important for this interaction, as determined by studies 
involving point mutations, are indicated. Figure modified with permission 
from Nature REF. 54 © (2003) Macmillan Publishers Ltd. 
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APOL1
Although SRA has a signal peptide, it is not 
targeted to the cell surface of the parasite 
(unlike the VSGs from which it is derived) 
but accumulates in the lysosome54. This 
could result from the absence of a GPI 
anchor (REFS 55,56, and D.P.N., F.P.H. and 
E.P., unpublished observations). Similar 
to VSGs, SRA is characterized by a long 
N-terminal hairpin that contains two 
amphipathic α-helices1,44. The analysis of 
various mutated forms of SRA expressed in 
T. b. brucei (which itself does not express 
SRA) showed that only the N-terminal 
amphipathic α-helix helix A is required to 
provide resistance54. In VSGs, this helix is 
usually involved in coil-coiling interactions 
with the other amphipathic α-helix, helix B, 
and with helices of adjacent VSGs, to form 
a dimer1. So, by analogy, it was envisaged 
that SRA interacts with the trypanolytic 
factor of human serum by coil-coiling. 
Chromatographic separation of human 
serum on SRA affinity columns showed 
that the protein APOL1 bound strongly and 
specifically to SRA. This binding was found 
to result from hydrophobic coil-coiling 
interactions between helix A of SRA and 
the C-terminal α-helix of APOL1 (REF. 54) 
(FIG. 3a,d). In addition, point mutations that 
disrupt helix A of SRA were shown to result 
in loss of binding to APOL1 (REF. 54).

APOL1 is associated with the 
HDL3 subfraction of human serum57. 
Trypanosomes internalize APOL1-
containing particles, and APOL1 is then 
routed to the lysosome, where it colocalizes 
with SRA54. Under conditions that dissoci-
ate serum lipoprotein complexes (that is, 
in the presence of detergent), separation of 
human serum by affinity chromatography 
on either APOL1-specific antibodies 
or SRA selectively removed APOL1, and 
the only other detectable components 
that were subsequently eluted with APOL1 
were serum albumin and antibodies54. 
This chromatographic step, followed by 
dialysis to remove the detergent, resulted 
in total loss of the trypanolytic activity of 
the serum54. Applying the same protocol 
but using affinity chromatography on an 
SRA molecule with a disrupted helix A did 
not result in the removal of APOL1 or in 
the loss of trypanolytic activity, showing 
that the depletion of APOL1 (and not the 
treatment with detergent) was responsible 
for the loss of trypanolytic activity54. 
Furthermore, addition of purified native or 
recombinant APOL1 to the depleted serum 
or to fetal calf serum (which nat urally lacks 
APOL1) restored or conferred, respectively, 

the ability to lyse human-serum-sensitive 
trypanosomes but not human-serum-
resistant trypanosomes54. The resistance 
of trypanosomes to lysis was associated 
with the C-terminal helix of APOL1 
(which interacts with helix A of SRA), 
because removal of this helix from APOL1 
conferred the ability to lyse both human-
serum-sensitive and human-serum-
resistant trypanosomes54. Finally, the 
nat ural phenotype of this system can be 
entirely reconstituted with recombinant 
proteins: recombinant-SRA-expressing 
T. b. brucei were found to be resistant to 
lysis following exposure to recombinant 
APOL1, whereas wild-type T. b. brucei 
were readily lysed by APOL1 (REF. 54). This 
finding indicates that APOL1 mimics the 
natural killing activity of human serum, 
and it also proves that SRA blocks the 
activity of APOL1 on trypanosomes.

From these studies, it was concluded that 
APOL1 is the trypanolytic factor of human 
serum and that, in T. b. rhodesiense, SRA 
neutralizes APOL1 through coil-coiling 
interactions with the C-terminal helix of 
APOL1. Accordingly, APOL1 was found to 
be absent from chimpanzee serum, which is 
non-trypanolytic (as discussed earlier)6,8,9, 
and sequencing of the chimpanzee genome 
provided a straightforward explanation for 
this finding: the APOL1 gene is absent from 
these animals58.

Resistance to APOL1 during the 
T. b. rhodesiense life cycle. In long, slender 
bloodstream forms of T. b. rhodesiense 
(FIG. 1), the expression of SRA allows neu-
tralization of APOL1 in the lysosome54. This 
mechanism of resistance considerably differs 
from the previously proposed mechanism, 
the selective inhibition of endocytosis 
of the trypanolytic factor19. Recent data 
obtained using T. b. brucei transfected with 
an epitope-tagged version of SRA indicate 
that neutralization of the trypanolytic factor 
by SRA can occur in endosomes, before the 
lytic factor reaches the lysosome59. These 
findings are consistent with the observa-
tion that the interaction between SRA and 
APOL1 can occur under both neutral 
and acidic conditions (that is, between pH 
7.5 and 5.0)54. In accordance with the appar-
ent lability of SRA40,46,59, the distribution 
of SRA between the endosomes and the 
lysosome might depend on the relative level 
of endocytic-protease activity, as indicated 
by studies in which the endo-lysosomal 
protease trypanopain was inhibited (L.V. and 
E.P., unpublished observations). Therefore, 
it can be speculated that SRA is routed to the 

lysosome through the endocytic pathway 
and that the interaction of SRA with APOL1 
can occur at different steps of this pathway 
and is followed by the proteolytic cleavage of 
this complex. Degradation of APOL1, how-
ever, is not required for the trypanosome to 
be resistant to lysis, because the presence of 
both APOL1 and SRA in the lysosome (in 
contrast to APOL1 alone) has been shown 
to prevent lysis from occurring54. That is, 
interaction with SRA seems to be sufficient 
for inactivation of APOL1.

In procyclic forms of T. b. rhodesiense 
(FIG. 1), which are present in the tsetse fly, 
R-ES is inactive, so SRA is not expressed. 
However, procyclic forms can resist lysis by 
human serum in vitro60, and this is probably 
a consequence of the low level of endocytosis 
by trypanosomes at this stage22.

Metacyclic forms of T. b. rhodesiense 
(FIG. 1), which are transferred from the tsetse 
fly to the mammalian host, are the first 
to be confronted with mammalian blood. 
Because R-ES is probably inactive in these 
forms of the parasite3, it is not clear how they 
resist APOL1 before their transformation 
into bloodstream forms. In vitro, metacyclic 
forms of T. b. rhodesiense were found to be 
mostly sensitive to lysis by human serum61. 
In the same assay, metacyclic forms of 
T. b. brucei and T. b. gambiense were always 
sensitive and resistant, respectively, to lysis 
by human serum. Therefore, metacyclic 
forms of T. b. rhodesiense are not consti-
tutively resistant to human serum. After 
inoculation by the tsetse fly, trypanosomes 
can remain for several days in tissue spaces 
or lymphatic vessels, so it is possible that 
some metacyclic forms escape exposure to 
APOL1 before they begin to express SRA.

Proposed mechanism of APOL1-mediated 
trypanolysis. The physiological function of 
APOL1 in humans remains elusive, although 
there is indirect evidence that it is involved 
in lipid metabolism62, as well as evidence of 
a link between overexpression in the brain 
and schizophrenia63. For this reason, the way 
in which APOL1 kills trypanosomes was not 
apparent. A weak similarity was, however, 
found between the N-terminal region of 
APOL1 and the pore-forming domain of 
colicins, which are bacterial toxins that kill 
competing bacteria by forming ionic pores 
in the inner cell membrane. This finding led 
to experiments that uncovered the capacity 
of APOL1 to generate ionic pores in biologi-
cal membranes, both in vivo and in vitro64. 
Briefly, the region of APOL1 that spans 
amino acids 60 to 235, which was predicted 
by computer modelling to form a structure 
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that resembles the pore-forming domain 
of colicins (FIG. 3a,b), showed bactericidal 
activity with a marked similarity to that 
of colicins and generated anionic pores in 
synthetic lipid-bilayer membranes. This 
pore-forming domain of APOL1 was found 
to be adjacent to a pH-sensitive membrane-
addressing domain, which was predicted to 
bind HDL particles at neutral pH only (that 
is, in the blood but not in the late endosomes 
or the lysosome)64 (FIG. 3a,c). Both domains 
were required for the toxic activity of 
APOL1 in vivo, against bacteria and against 
trypanosomes. By contrast, the C-terminal 
α-helix of APOL1 (which interacts with SRA 
and is required for resistance to lysis) was 
dispensable for toxic activity in both cases.

In trypanosomes, recombinant APOL1 
was found to mimic completely the lytic 
activity of normal human serum, causing 

depolarization of the lysosomal membrane 
(that is, loss of the differential charge between 
the two faces of the membrane), followed by 
continuous swelling of the lysosome until 
the parasite cell lysed64 (FIG. 4). In addition, 
APOL1 was detected at the periphery of the 
lysosome but not in the lumen64. Given 
the predicted structure of its membrane-
addressing domain (FIG. 3c), APOL1 is 
thought to undergo a conformational change 
that allows its dissociation from HDL parti-
cles at low pH (such as in the late endosomes 
and the lysosome) and its subsequent inser-
tion into the lysosomal membrane, where it 
forms a pore. On exposure to recombinant 
APOL1, similar to normal human serum, 
lysosomal swelling was found to be the first 
detectable morphological change, and as this 
process continued, there were no marked 
alterations in other intracellular structures 

(FIG. 4; see Supplementary information S1,S2 
(figure and movie)), in particular no general 
vacuolization and cellular swelling (although 
this is in contrast to findings reported in 
REF. 65; discussed later).

Lysosomal swelling was found to be associ-
ated with the influx and intracellular accu-
mulation of chloride ions (Cl–). Both of these 
processes were blocked by either depletion 
of extracellular Cl– or addition of the anion-
channel blocker DIDS (4,4′-diisothiocyano-
2,2′-disulphonate stilbene)64. Although DIDS 
completely inhibited the influx of Cl– into 
trypanosomes and the subsequent lysis, it had 
no direct effect on the pore-forming activity 
of APOL1 in vitro, indicating that additional 
Cl– channels are involved in trypanolysis. So, 
it was concluded that APOL1 triggers the 
lysosomal influx of Cl– from the cytoplasm, 
where the concentration of this anion is high 
(106 mM)66. This movement would then 
reduce the cytoplasmic Cl– concentration, 
activating the compensatory entry of extra-
cellular Cl– through DIDS-sensitive channels 
in the plasma membrane64. This model of the 
trypanolytic process is shown in FIG. 5. The 
cascade of Cl– movement would be accompa-
nied by the influx of water into the lysosome 
and osmotic swelling of this compartment. 
This accounts for the observed inhibition of 
trypanolysis by osmotically active molecules 
such as sucrose (the presence of which in 
the cytosol reduces the influx of water into the 
lysosome)67. The internal pressure resulting 
from the continuous enlargement of the lyso-
some would be responsible for the lysis of the 
parasite, because this pressure is expected to 
irreversibly damage the plasma membrane of 
the parasite. 

This model also explains the observed 
fraying of the parasite surface coat and the 
leakage of ions that occur before lysis67. The 
finding that trypanosomes with considerably 
swollen lysosomes can survive for a period 
of time clearly conflicts with the idea that 
lysis involves disruption of the lysosomal 
membrane following lipid peroxidation, a 
mechanism that is still proposed by some 
researchers16,20,24. Indeed, the extreme swelling 
of the lysosome seems to be incompatible 
with a damaged lysosomal membrane. The 
main argument for lysosomal-membrane 
disruption is that discontinuities can be 
detected in the membrane, using electron 
microscopy16; however, these are probably the 
result of common fixation artefacts68 (FIG. 4Bc).

A recent study proposed an alternative 
mechanism for trypanolysis: that lytic HDL 
particles generate cation-selective pores 
that are active at the plasma membrane after 
they have been recycled from the lysosome69. 

Figure 4 | Phenotype of trypanosome lysis by human serum or by recombinant apolipoprotein L1 
(APOL1). A | Micrographs show the expansion of the lysosome of Trypanosoma brucei brucei over time 
in the presence of 1 µg per ml recombinant APOL1 or 10% normal human serum. Lower panels are 
reproduced with permission from REF. 64 © (2005) American Association for the Advancement of 
Science. B | Transmission electron micrographs show fixed T. b. brucei that either were not exposed to 
human serum (a) or were exposed to human serum for 1.5 hours (b,c). In control cells (a), the lysosome 
is small and dispersed, and cannot be seen clearly. In treated cells (b,c), the swollen lysosome is indi-
cated. Fixation artefacts, which have led to the suggestion that the lysosomal membrane is disrupted 
during lysis16, are also shown (c). Quantitative measurements of lysosomal surface area and cytoplasmic 
surface area over time are shown in Supplementary information S1 (figure)). Both the swelling of the 
lysosome and the absence of general cellular swelling can be observed in Supplementary information 
S2 (movie).
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Given the cation concentration gradients at 
the plasma membrane (that is, extra cellular 
to cytoplasmic concentration ratios of 
140 mM/14 mM and 6 mM/116 mM for 
sodium ions (Na+) and potassium ions (K+), 
respectively66), these pores would allow an 
influx of Na+ into the cytoplasm. However, 
in this study69, the electrophysiological 
measurements were carried out on a crude 
population of lipoproteins that contained 
various pore-forming proteins and peptides, 
and this population generated complex ion 
currents, possibly owing to the formation of 
irrelevant (non-physiological) pores or the 
influx of ions through nonspecific channels. 

In addition, although pore-forming activ-
ity was monitored under conditions that 
mimic the interface between the lysosomal 
and cytoplasmic compartments, its involve-
ment in trypanolysis was entirely attributed 
to ionic fluxes produced at the plasma mem-
brane, and we think that this conclusion is 
questionable for two main reasons. First, it 
is unlikely that plasma-membrane fluxes are 
relevant to the trypanolytic process that is 
induced by normal human serum, because 
we have found that this process is character-
ized by swelling of the lysosome but not of 
the cytoplasm64 (FIG. 4; see Supplementary 
information S1, S2 (figure and movie)). This 
phenotype is in contrast to that observed 
using purified lytic HDL particles65, indica-
ting that the lysis that occurs in the presence 
of purified lytic HDL particles is likely to 
involve nonspecific toxicity. Second, the 
specificity of the pores for particular cations 
was not measured in the study reported 
in REF. 69. However, if the pores conduct 
Na+ to a similar extent to which they seem 
to conduct K+, then (because the Na+ and 
K+ gradients across the plasma membrane 
are approximately equal in magnitude but 
opposite in direction66) the most likely 
initial outcome would be the electroneutral 
exchange of the two cations, which would 
have no osmotic consequences. Therefore, 
in our opinion, the hypothesis that the 
trypanolytic factor generates cationic pores 
is not proven by the data in REF. 69, and pore 
formation at the plasma membrane does not 
account for the phenotype of trypanolysis by 
normal human serum.

Identification of the trypanolytic factor of 
human serum: APOL1 or HPR? Initially, 
HPR was considered to be the trypanolytic 
factor of human serum, and recent papers 
present evidence for why this protein, in 
addition to APOL1, is a trypanolytic fac-
tor9,69,70. This view is based, in part, on the 
observation that serum from baboons is 

trypanolytic and contains HPR but not 
APOL1 (REFS 8,9). However, serum from 
these primates kills both human-serum-
sensitive and human-serum-resistant 
T. b. rhodesiense clones, and it seems to have 
considerably more lytic activity than does 
human serum6,8,9. In our opinion, these 
observations indicate that the trypanolytic 
activity of baboon serum differs from 
the trypanolytic activity of human serum 
and that HPR cannot be the common 
trypanolytic factor in both cases, because 
HPR does not lyse human-serum-resistant 
T. b. rhodesiense. It is also argued that HPR 
is a trypanolytic factor because HPR-specific 
antibodies inhibit the activity of lytic HDL 
particles9,24,70. These experiments, however, 
involved lipoprotein complexes that were 
not dissociated with detergent. In addition, 
it has been reported that antibodies specific 

for APOA1 (a protein that does not have 
trypanolytic activity28–30) inhibit lysis70. So, 
one possible explanation for the inhibi-
tory activity of HPR-specific antibodies 
is that antibodies specific for any exposed 
constituent of HDL particles can inhibit lysis 
through a nonspecific mechanism, perhaps 
by aggregation of HDL particles or by 
interference in the endocytic process.

In their recent study, Hajduk and col-
leagues70 propose that both HPR and APOL1 
are trypanolytic but that these proteins need 
to be associated in the same HDL particle 
for maximal activity. This proposal is based 
on trypanolytic assays carried out using 
purified HPR and APOL1 or using human 
HDL particles fractionated into particles 
that contain both HPR and APOL1, either 
protein alone or neither protein. In the first 
case (using purified proteins), toxicity was 

Figure 5 | Model of the mechanism of trypanolysis by apolipoprotein L1 (APOL1). APOL1 contains 
a pore-forming domain (red) and a membrane-addressing domain (blue). It is associated with high-
density lipoprotein (HDL) particles (green) that are present in the blood. These particles are internal-
ized by bloodstream-form trypanosomes through HDL-receptor-mediated endocytosis that is initiated 
in the flagellar pocket. Following internalization, HDL particles progress through the endocytic path-
way, from early endosomes (which have neutral pH) to late endosomes (which are acidic) and then to 
the lysosome (which is also acidic). We think that most data indicate that trypanolysis occurs by the 
following process. The lysosomal pH induces a conformational change in the membrane-addressing 
domain of APOL1, leading to dissociation from the HDL particle and binding to the lysosomal mem-
brane. The pore-forming domain of APOL1 enables it to form a pore in the membrane, and this leads 
to the flux of chloride ions (Cl–) from the cytoplasm to the lumen of the lysosome. Cytoplasmic Cl– dep-
rivation is compensated by the activity of a DIDS (4,4′-diisothiocyano-2,2′-disulphonate stilbene)-
sensitive Cl– transporter in the plasma membrane. This ionic flux is presumably accompanied by sec-
ondary cationic movements64,67,69, and it triggers the movement of water (H2O) into the lysosome and 
osmotic swelling of this compartment. The resultant uncontrolled swelling of the lysosome increases 
intracellular pressure, probably leading to damage to the plasma membrane (dashed line), which is 
ultimately the cause of cell death. The Trypanosoma brucei rhodesiense protein serum-resistance 
associated (SRA) interacts with APOL1 in late endosomes and the lysosome, and this prevents APOL1 
from forming pores, possibly through sequestration of APOL1 followed by proteolytic degradation.
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detected following direct incubation of 
trypanosomes with high concentrations 
of either protein. However, we argue that 
these data cannot be fully interpreted with-
out information relating to the phenotype of 
lysis. For example, when the antimicrobial 
peptides cathelicidins are purified from 
lipoprotein complexes, they can kill trypano-
somes in vitro through disruption of the 
plasma membrane71; however, there is no 
evidence that these cathelicidins are active 
against trypanosomes in vivo. In the second 
case (using fractionated HDL particles), 
almost 100% of the trypanolytic activity was 
recovered in the HDL-particle fraction that 
contained both HPR and APOL1, whereas 
less than 0.4% of the trypanolytic activity 
was detected in fractions that contained 

either APOL1 or HPR. We think that the 
small trypanolytic effect of these HDL 
particles that contain undefined amounts of 
either HPR or APOL1 could be a result of non-
specific toxicity conferred by the experimen-
tal treatment. Indeed, fractionation does seem 
to confer non-physiological toxicity, because 
the phenotype of trypanolysis by fractionated 
HDLs differed from that of human serum 
and involved generalized vacuolization and 
cellular swelling65. Furthermore, fractiona-
tion resulted in a higher trypanolytic activity 
than that naturally present in serum31,33, 
and it rendered chimpanzee HDL particles 
trypanolytic9. One possibility is that HDL-
particle fractionation activates microbicidal 
peptides, including cathelicidins71. A defini-
tive assessment of this idea could be made by 

determining the effect of fractionated HDL 
particles on trypanosomes that are naturally 
resistant to human serum.

In summary, we outline the following 
five arguments in support of our contention 
that APOL1 is the only trypanolytic factor of 
human serum. First, the addition of recom-
binant APOL1 to fetal calf serum, which 
lacks HPR, rendered the serum trypanolytic, 
and the phenotype of lysis was identical 
to that observed for human serum54,64. It 
should be noted that free APOL1 (that is, 
APOL1 not associated with HDL particles), 
whether native or recombinant protein, 
seems to have less trypanolytic activity than 
human serum64,70, and this finding could 
be interpreted in two ways. The reduced 
activity of free APOL1 might result from a 
lack of synergy with HPR69,70: that is, both 
APOL1 and HPR are required for maximal 
trypanolytic activity. Alternatively, it is our 
contention that the reduced activity of free 
APOL1 reflects a requirement for APOL1 
to be associated with HDL particles for 
efficient binding and uptake by the HDL 
receptor of the parasite11,23. Indeed, kinetic 
studies indicated that free recombinant 
APOL1 seemed to be as effective as human 
serum at lysis of trypanosomes, except that 
lysis was delayed64. Accordingly, trypano-
lysis by recombinant APOL1 was strongly 
accelerated on reconstitution of APOL1 in 
lipoproteins54,64. Therefore, we think that the 
activity of APOL1 does not require synergy 
with HPR. APOL1-transgenic mice would 
be useful for evaluating the in vivo efficiency 
of trypanosome killing by APOL1 alone, 
but such mice are not available at present. 
Injection of recombinant APOL1 into wild-
type mice, however, was shown to be neces-
sary and sufficient for complete inhibition 
of infection with T. b. brucei 72. It remains to 
be determined whether similar experiments 
with HPR-transgenic mice would show 
increased parasite killing by APOL1. 

Second, the presence of HPR in APOL1-
free serum did not trigger trypanolysis and 
did not affect trypanosome growth. This 
was observed in vivo for transgenic mice 
that expressed HPR at a level similar to that 
of humans73, as well as for human serum 
that was specifically depleted of APOL1 
(through separation of the proteins present 
in detergent-dissociated HDL particles by 
affinity chromatography on SRA)54,64. 

Third, depletion of APOL1 from human 
serum without removal of HPR (as above) 
led to a complete loss of trypanolytic activ-
ity54,64. The converse experiment — selective 
depletion of HPR without removal of 
APOL1— has not yet been carried out. 

Box 2 | The function of apolipoproteins (APOLs)

In evolutionary terms, APOL1 appeared recently, as it has been identified only in humans and 
gorillas8,75. It belongs to a multigene family that has six members76,77, and homologous sequences 
are present in other eukaryotes (particularly in other mammals). Among APOL1-like proteins, the 
sequence of the pore-forming domain is similar, whereas that of the membrane-addressing domain 
is more variable; the C-terminal helix is the most conserved region (see Supplementary information 
S3 (figure)). Unlike other APOL1-family members, APOL1 is secreted (probably because of the 
presence of a signal peptide), but sequestration in high-density lipoprotein (HDL) particles 
presumably neutralizes its activity in serum. Other APOL-family members are most probably 
intracellular proteins. Given the pore-forming activity of APOL1 (REF. 64), intracellular APOLs could 
be ion channels in organelles, such as the lysosome, and might thereby control the volume of these 
organelles. The potential of the C-terminal helix of APOL1 to interact with the Trypanosoma brucei 
rhodesiense protein serum -resistance associated (SRA) and thereby neutralize APOL1 activity, 
together with the evidence that this helix is dispensable for trypanolytic activity despite its high 
level of sequence conservation54,64, raises the interesting possibility that this region controls the 
ionic-pore-forming activity of APOLs through interaction with proteins that have SRA-like helices.

It is tempting to propose that the generation of a secreted version of these pore-forming proteins 
in the great apes of Africa was linked to the presence of trypanosomes in this region and that it 
was selected because of its trypanolytic activity. However, the conservation of APOL1 in humans 
(despite the wide geographical dispersion of humans) does not support this idea but indicates that 
APOL1 fulfils additional functions. In this regard, it is interesting that the expression of APOL1, 
APOL2 and APOL3 is strongly induced by the pro-inflammatory cytokine tumour-necrosis 
factor75,78 and that overexpression of APOL6 triggers apoptosis, presumably through a BH3 domain 
(B-cell lymphoma 2 (BCL-2)-homology domain 3)79. So, APOLs might be involved in various cellular 
responses to danger signals.

Pore-forming proteins and cell death
The ability of pore-forming proteins to trigger cell death can be illustrated by several well-known 
examples — bacterial colicins, diphtheria toxin and apoptotic proteins from the BCL-2 family — 
although different mechanisms are involved in the cell death that is mediated by these three types of 
protein (reviewed in REF. 80). Despite a low level of sequence homology, these proteins all have pore-
forming domains with a similar structure: that is, several α-helices organized around a conserved 
hydrophobic hairpin. Computer modelling and experimental data indicate that the pore-forming 
domain of APOL1 also belongs to this category64 (FIG. 3). As is the case for BCL-2-family members, the 
pore-forming domain of APOL1 might have been inherited from bacteria.

HDL particles and innate immunity
The association of APOL1 with HDL particles is likely to occur through hydrophobic interactions 
that are mediated by the membrane-addressing domain at neutral pH64 (FIG. 3). The presence of 
pore-forming microbicidal components in HDL particles is not an unprecedented finding. Various 
APOLs that are associated with HDL particles can show bactericidal activity81. In addition, 
defensins and cathelicidins, which are pore-forming antibacterial peptides, also seem to be 
associated with lipoproteins in serum82. The anchoring of microbicidal proteins in lipoprotein 
particles would ensure the sequestration of these proteins when their activity is not required, 
thereby preventing cytotoxic effects while maintaining high serum concentrations. Therefore, 
lipoproteins could have a role as carriers for components of the innate immune system21,70.
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Fourth, trypanolysis did not occur when 
recombinant APOL1 that was mutated 
in either the pore-forming domain or the 
membrane-addressing domain was added to 
serum specifically depleted of APOL1, even 
if HPR was present64. Conversely, recom-
binant APOL1 that lacked the C-terminal 
(SRA-interacting) helix was necessary and 
sufficient to kill T. b. rhodesiense independent 
of HPR54,72. 

Fifth, expression of SRA alone conferred 
complete resistance to either human serum 
or recombinant APOL1. This finding can 
be explained by the interaction between 
SRA and APOL1 (REF. 54), and there is no 
evidence that SRA could interfere with HPR. 
For example, no trace of HPR has been 
found in the APOL1-containing serum frac-
tion that binds SRA affinity columns in the 
presence of detergent (discussed earlier)54.

We propose, therefore, that APOL1 
is responsible for most, if not all, of the 
trypano lytic activity that is associated with 
human serum. In our opinion, the idea that 
APOL1 operates synergistically with HPR 
for maximal trypanolytic activity in the 
context of a subclass of HDL particles that 
contains APOL1, HPR and APOA1 is not 
supported by the available evidence.

Conclusions and future directions
Despite considerable progress, many ques-
tions that relate to the trypanolytic activity 
of human serum remain to be answered. 
In addition, the physiological function of 
APOL1 and other APOLs remains unclear 
(BOX 2; see Supplementary information S3 
(figure)). At present, the most important 
points that require further investigation are 
the identity of the trypanosome receptor 
for the trypanolytic HDL particles, the basis 
of resistance of T. b. gambiense to APOL1 and 
the putative involvement of HPR in the mech-
anism of trypanosome killing by APOL1. To 
resolve the last issue, a crucial experiment will 
be to compare the trypanosome-infection 
characteristics of mice that are transgenic for 
HPR, APOL1 or both genes. So far, however, 
attempts to generate APOL1-transgenic mice 
have not been successful.

Recent advances in this field of research 
include a breakthrough in the diagnosis of 
sleeping sickness, for which the presence 
of SRA has proved to be a reliable marker of 
infection with T. b. rhodesiense47–51, and the 
use of APOL1 as a treatment that might cure 
the disease. As discussed in this article, when 
APOL1 is not bound to HDL particles, it kills 
trypanosomes but with delayed kinetics com-
pared with human serum64. So, to convert 
APOL1 into a drug that is effective against 

trypanosomes that infect humans, two 
modifications have been carried out. First, 
the C-terminal region, which is recognized 
by SRA, has been removed. Second, this 
truncated APOL1 molecule has been fused to 
an antibody module (known as a nanobody) 
that is derived from single-chain camel anti-
bodies, thereby targeting the toxin (APOL1) 
to invariant determinants (high-mannose 
side chains) of the trypanosome surface74. 
The efficacy of trypanolysis by this protein 
construct was shown in mice: injection of the 
modified APOL1 resulted in inhibition of 
parasitaemia caused by either T. b. brucei or 
T. b. rhodesiense72. 

APOL1 might also be useful for 
solving the problem of nagana, a lethal 
disease that is caused by infection of 
cattle with T. b. brucei. Transgenic cattle 
expressing APOL1 derivatives such as the 
truncated-APOL1–nanobody conjugate 
would be expected to resist infection by 
T. b. brucei and T. b. rhodesiense, because 
this truncated trypanolytic factor cannot 
be neutralized by the T. b. rhodesiense 
‘antidote’ SRA. As well as allowing healthy 
animal production in areas in which 
T. b. rhodesiense is endemic, the use of 
such ‘trypanolytic cattle’ should lead to a 
marked reduction in the main reservoir 
of T. b. rhodesiense, thereby contributing 
to the prevention of epidemics of sleeping 
sickness.
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