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African trypanosomes are extracellular pathogens of mammals and are
exposed to the adaptive and innate immune systems. Trypanosomes evade the
adaptive immune response through antigenic variation, but little is known
about how they interact with components of the innate immune response,

including complement. Here we demonstrate that an invariant surface glyco-
protein, ISG65, is a receptor for complement component 3 (C3). We show how
ISG65 binds to the thioester domain of C3b. We also show that C3 contributes
to control of trypanosomes during early infection in a mouse model and
provide evidence that ISG65 is involved in reducing trypanosome suscept-
ibility to C3-mediated clearance. Deposition of C3b on pathogen surfaces, such
as trypanosomes, is a central point in activation of the complement system. In

ISG65, trypanosomes have evolved a C3 receptor which diminishes the
downstream effects of C3 deposition on the control of infection.

Many eukaryotic pathogens have evolved to establish and maintain
proliferative populations within vertebrate hosts, thereby increasing
the frequency of opportunities for their transmission by invertebrate
vectors. Some pathogens can even maintain a persistent infection in a
vertebrate that can last for years. These long-term infections only
occur if the pathogen population can survive both the innate and
adaptive immune responses.

African trypanosomes are extracellular pathogens that can
persist in a human for decades after exposure'. They must therefore
replicate under direct attack from molecules and cells of the
immune response. To achieve this, they have evolved a remarkable

cell surface dominated by many copies of a single variant surface
glycoprotein (VSG)2. This VSG coat both protects the plasma
membrane from immunoglobulins® and underpins a system of
antigenic variation through which the population avoids clearance
by the adaptive immune system®. During an infection, antibodies
are raised which target the VSGs and the infection persists through a
small number of individual cells switching to express antigenically
distinct VSGs, which escape and proliferate until they are recog-
nised in turn. Within the VSG coat are found invariant proteins,
including nutrient receptors, and a family of invariant surface gly-
coproteins (ISGs)*5.
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In addition to surviving the adaptive immune system, African
trypanosomes must also counteract host innate immunity, and in
particular the complement system. This system comprises three
pathways that centre around the deposition of complement C3b on a
cell surface. C3b deposition occurs by a chemical reaction involving a
reactive thioester within its thioester domain (TED). This initiates a
series of downstream events which can result in cell death’™. A num-
ber of different strategies have evolved to regulate or counteract
complement. Host cells present complement regulators, such as factor
H, which bind C3b and prevent complement activation>™, while a
variety of pathogens have evolved receptors that bind complement
components and prevent killing™'.

Trypanosoma brucei expresses a range of cell surface receptors,
including those which mediate interactions with host nutrients, such
as transferrin”™ and haptoglobin-haemoglobin®*”". It also expresses a
cell surface receptor for host factor H?, which increases its transmis-
sion to tsetse flies. However, despite having been discovered over 30
years ago, and being distributed across the entire cell surface, no
ligand had been identified for any of the ISGs. Here we show that ISG65
is a receptor for complement C3 and affects the rate of trypanosome
clearance in a mouse infection model.

Results

ISG65 binds to complement factor C3b

In T. brucei, the ISG65s are encoded by a tandem array of closely
related genes on chromosome 2 with the number of genes in one array
varying between isolates (Supplementary Fig. 1). These encode type 1
membrane proteins consisting of large ectodomains® and smaller
intracellular regions®. To understand the function of ISG65, we started
by characterising the repertoire of genes from a single isolate. Initial
experiments were conducted before the availability of full genome
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sequences and so the ISG65 locus in T. brucei EATRO1125 was char-
acterised from two cosmid clones (Supplementary Fig. 1). Each ISG65
gene is contained within a 3550 bp BamHI fragment and seven such
fragments derived from the two cosmids were sequenced, each of
which encoded a distinct ISG65 (1125A to G). A sequence comparison
of ISG65s from EATROI1125 with those from subsequently available
genome sequences’*” (Supplementary Data 1 and Supplementary
Fig. 2) indicated that variation is largely confined to blocks within the
extracellular domain and revealed that recombination has resulted in a
mosaic of N-terminal domains (Supplementary Fig. 2). Subsequent
experiments were conducted with ISG65 1125A and G as representa-
tives of the two largest sequence variant groups (Supplemen-
tary Fig. 2).

To confirm earlier findings that ISG65 is expressed on the surfaces
of mammalian infective bloodstream form trypanosomes®?**, we raised
a rabbit antiserum by immunisation with the ectodomain (residues
31-384) of ISG65 1125G, produced from E. coli. Western blotting con-
firmed that ISG65 is detected in bloodstream form cells but not tsetse
fly-infective procyclic cells (Fig. 1a). We next visualised ISG65 subcel-
lular localisation using immunofluorescence on cells containing an
inducible ISG65 RNAi construct, before and after induction (Fig. 1b). As
shown previously®, I1SG65 was distributed across the cell surface,
including across the flagellum, as well as being found in the endosomal
compartment.

The presence of ISG65 across the bloodstream trypanosome
surface encouraged us to search for a binding partner within bovine
serum, employing the same pull-down strategy as used to identify the
factor H receptor®’. We prepared a fusion of residues 22-385 of ISG65
1125A with an N-terminal GST tag expressed in E. coli. As positive
controls, we also produced both factor H receptor and haptoglobin-
haemoglobin receptor with N-terminal GST tags. These receptors were
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Fig. 1| Identification of ISG65 as a receptor for complement factor C3b. a A
Western blot showing extracts of bloodstream form (BSF) and procyclic form (PCF)
trypanosomes, mixed in the proportions indicated above the blot. This blot (n=1)
was probed using polyclonal sera against ISG65 (aISG65) (upper panel) and by
polyclonal sera against EIF4A1 (aEIF4Al) as a loading control (lower panel).

b Immunofluorescence images showing ISG65 (green), flagellar marker, FAZ (red),
and a DNA marker (blue). Trypanosome cells contain a tet-inducible RNAi knock-
down construct for ISG65 and were either incubated with tet (tet+) or not (tet-)
before mixing and imaging. The scale bar is 10 um. Representative images are
shown with n=3. ¢ An SDS-PAGE gel showing the outcome of pull-down experi-
ments. Beads coated with GST and GST-fusions of ISG65A, the factor H receptor

(fHR) and the haptoglobin-haemoglobin receptor (HpHbR) were incubated with
bovine serum, before washing and elution. Bands eluted include factor H (fH),
complement factor C3 (C3), and haemoglobin (Hb). n =3. d Interaction of ISG65G
with C3 from different species, showing broad specificity. The gel on the left shows
a pull-down where ISG65 was attached to streptavidin beads then incubated with
the serum of various mammals, n = 1. C3 is the predominant band in all cases except
where human serum that was previously depleted of C3 (Human -C3) is used.
Surface plasmon resonance traces are also shown for each serum, where ISG65 is
immobilised via the C-terminus and binding of serum components from various
species is determined.
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used in pull-down experiments to identify interaction partners in
bovine serum. Glutathione beads coupled with GST alone did not
purify any components from bovine serum, while the factor H receptor
and haptoglobin-haemoglobin receptor purified factor H and hae-
moglobin, as expected?>* (Fig. 1c). Using the ISG65 fusion to pull-
down components from bovine serum led to purification of a protein
not observed in the control lanes, with the same protein purified in
each of three replicates (Fig. 1c). Analysis by trypsin-digest mass
spectrometry revealed this to be bovine complement C3 with 92
identified peptides giving 50% coverage (Supplementary Table 1).

To determine whether ISG65 can bind to C3 from different spe-
cies, we performed a pull-down assay in which immobilised 1SG65
1125G was incubated with serum from six mammals, including humans
and livestock (Fig. 1d). While no protein was observed when this was
done using human serum depleted of C3, in all other cases 1SG65
pulled down a protein of ~180 kDa. These were demonstrated by mass
spectrometry to each be C3 from the respective mammal (Supple-
mentary Table 2). Next, we used surface plasmon resonance (SPR) to
investigate the kinetics of ISG65 binding to C3. ISG65 1125G with a
C-terminal Avi-tag was expressed in cultured mammalian cells and was
biotinylated after purification. It was then bound to a streptavidin-
coated SPR chip surface and sera from various mammals were flowed
over this surface. While no response was observed for human sera
depleted of C3, ISG65 bound to a component from each of the six sera
with similar kinetics. This indicates that ISG65 shows broad specificity
for C3 from a wide range of different mammalian species relevant for
trypanosome infection. The appreciable off-rates of these interactions
demonstrate that they are reversible and are not due to the formation
of a non-specific and irreversible covalent thioester bond between the
TED of C3 and ISG65 (Fig. 1d).

ISG65 binds sequentially to two sites on C3b

We next determined which regions of C3 are involved in the interac-
tion with ISG65. During activation and regulation of the complement
cascade, complement C3 undergoes dramatic conformational changes
and is processed by multiple cleavage events'>'*?"*, The first cleavage
removes C3a and the remainder of the molecule undergoes a con-
formational change to form C3b°*~*°. The TED domain of C3b reacts
with a cell surface, forming a thioester bond*. A subsequent cleavage
event then removes the TED domain (now called C3d), leaving it
attached to the cell surface, while C3c is released>*°.

To determine at which stage within this process ISG65 might act,
we measured the binding of surface-conjugated biotinylated ISG65 to
C3b, C3c and C3d, using SPR (Fig. 2). ISG65 bound to each of C3b, C3c
and C3d with different affinities and binding kinetics. Binding to C3b
was biphasic and did not fit well to a simple single-site binding model
(Fig. 2, Supplementary Fig. 3 and Supplementary Table 3). Instead, the
data fitted best to a two-state binding model with a dissociation con-
stant of 40 nM. This model describes a complex binding event in which
initial binding is followed by a secondary event which increases the
overall binding affinity®. In contrast, the binding kinetics of ISG65 to
either C3c or C3d fitted to a simple single-site binding model, with
dissociation constants of 750 nM for C3c and 602 nM for C3d. Despite
these similarities in affinity, the binding kinetics were very different,
with slow association and dissociation for C3c and faster association
and dissociation for C3d. This is consistent with an initial, rapid binding
of ISG65 to the TED domain of C3b followed by a secondary event in
which ISG65 more slowly interacts with other regions of C3b which are
later found in C3c.

Two-state binding to C3b has not been observed for other reg-
ulatory C3 receptors. S. aureus Efb-C*, Sbi*, and Ehp** all bind to the
TED domain in a 1:1 binding mode and the complement regulator
Factor H binds to C3b in a 1:1 fashion®~¢. The functional consequences
of ISG65 binding both to the TED domain and the C3c region of C3b are
yet to be discovered but could result from a need to independently
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Fig. 2 | Analysis of the binding of ISG65 to different complement C3b frag-
ments. The lower panel shows a simplified schematic of the deposition of com-
plement C3 on the surface of a pathogen, using surface representations of C3 (PDB
ID: 2A73)*°, C3b (PDB ID: 2107)°, C3c (PDB ID: 2A74)*° and C3d (PDB ID: 1C3D)*.. This
is coloured with the a-chain in dark grey, the B-chain in light grey, the TED domain
(which becomes C3d) in orange and the domain which is removed to become C3ain
red. The upper panels show surface plasmon resonance traces for the binding of
C3b, C3c and C3d to immobilised ISG65. These represent two-fold dilution series
from an upper concentration of 0.5 uM for C3b and C3c, and 4 pM for C3d, and are
representative of three repeats.

interact with C3b and also the C3d fragment that remains bound to the
trypanosome surface after C3b cleavage. Alternatively, binding to the
TED and the C3c region of C3b simultaneously may be essential for
ISG65 to interfere with C3 function.

The structural basis for C3d binding by ISG65

We next determined the structure of ISG65 in complex with C3d. We
expressed C3d in E. coli and combined it with the ectodomain of ISG65
1125G expressed in CHO cells. Crystals formed and the structure was
solved to 2.6 A using molecular replacement (Fig. 3a and Supplemen-
tary Table 4). Two copies of the complex were present in the asym-
metric unit, with each receptor contacting three different C3d
molecules within the crystal lattice, with surface areas of 814, 553, and
530 A2 for interfaces 1, 2, and 3 respectively. To determine which of
these putative complexes is physiologically relevant, and which is due
to crystal packing, we made C3d mutants at each interface, aiming to
disrupt complex formation. We generated E11101 and P1114R mutants
to disrupt interface 1, 11125N to disrupt interface 2 and L1046R to
disrupt interface 3. C3d and mutants all had similar CD spectra, indi-
cating no effect of these mutations on overall C3d structure (Supple-
mentary Fig. 4). C3d mutations at interfaces 2 and 3 had little effect on
affinity for ISG65 when compared with wild-type C3d, whilst both
mutations at interface 1 had a large effect on binding to ISG65, with
P1114R ablating binding (Supplementary Fig. 4). This allowed us to
define interface 1 as the physiological interaction interface for ISG65
binding.

While ISG65 residues 24-385 were included in the construct used
for crystallisation, just ~60% of the chain was resolved in the electron
density (residues 27-86, 94-154, 196-229, and 251-315). The ordered
core of the ISG65 N-terminal domain consists primarily of a three-
helical bundle, with helices 1, 2, and 4 lying approximately parallel to
each other, creating an elongated architecture (Fig. 3). In between
helices 2 and 4 is a structured loop which contains the shorter helix 3.
Two loops which are almost entirely unresolved (L2 and L3, residues
154-196 and 226-256 respectively) also emerge from this end of the
molecule (Fig. 3). At the other end, short helix 5 forms a hairpin with
helix 4, placing the C-terminus along the helical bundle, opposite
where C3d binds. A total of 73 residues link this residue with the

Nature Communications | (2022)13:5085



Article

https://doi.org/10.1038/s41467-022-32728-9

ISG65B:
Helix1
Helix2
Helix3
Helix4

Helix5

Thioester
b 24 86 94 154 196 229 251 385
N helix1 helix2 = (o4
L1 helix3 helix5 Transmembrane
Resolved: s coEEE———— o —
Predicted -
disorder:
€ Isces

Fig. 3 | Structure of T. brucei ISG65G receptor bound to complex C3d. a The
structure of ISG65 in complex with C3d. The helices of ISG65 are each coloured
differently, with core helices 1, 2, and 4 shown in light green, turquoise, and blue,
while shorter ISG65 helices 3 and 5 are shown in light grey and dark grey. All helices
are labelled H1-H5. C3d is shown in orange, with the location of the thioester bond-
forming cysteine highlighted black. N and C indicate the termini of ISG65. b A
schematic showing the features of ISG65. The location of helices 1-5 are shown,
using the same colours as a, while the transmembrane helix, predicted using
TMHMM, is light grey. Green bars show regions of ISG65 that were resolved in the
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crystal structure, and red bars show regions predicted to be disordered by
AUCpreD®. The three loops in between helices, which are largely unresolved, are
labelled L1-L3. ¢ Comparison of the structure of ISG65 with equivalent views of the
T. brucei factor H receptor, FHR?, the transferrin receptor, TfR" and the
haptoglobin-haemoglobin receptor, HpHbR?. d Different views of the

ISG65 structure with helix 1 (light green), helix 2 (turquoise), and helix 3 (blue)
highlighted to show the kinks that give rise to the curved structure of ISG65. The
angles of each kink were measured using Chimera®®®’, and are indicated in black.

transmembrane helix, and whilst these residues were present in the
construct subjected to crystallisation trials, they were not resolved and
are presumed to be disordered. The position of helix 5 would allow this
disordered region to project at an angle from the long-axis of 1ISG65,
most likely leading to a flexible attachment of the C3d binding domain
to the membrane anchor (Supplementary Fig. 5). While ISG65 shares
many features with other 7. brucei three-helical bundle surface
receptors”****" it shows a much greater degree of curvature (Fig. 3¢),
due to two kinks in helices 1 and 2, and one larger kink in helix
3 (Fig. 3d).

The curvature of ISG65 produces a concave surface into which
C3d binds (Fig. 3a). This interface is mediated by thirteen hydrogen
bonds, three salt bridges and 24 residue-residue contacts (Supple-
mentary Table 5), involving a region of low B-factor (Supplementary
Fig. 5a). To further validate this model, we collected SAXS data for the

ISG65-C3d complex, and reconstructed a 3D volume (Supplementary
Fig. 5b, c). The ISG65-C3d crystal structure fitted well into the SAXS
density, and also revealed density unaccounted for by the crystal
structure. The extra density extends from the end containing the
N-terminus of ISG65 and is most likely attributable to L2. The location
of the ISG65 binding site does not overlap with the thioester of C3d,
which allows ISG65 to bind to C3d that is covalently coupled on the
trypanosome surface. In addition, the observed mode of C3d binding
is consistent with ISG65 being able to bind to the TED domain of C3 or
C3b (Supplementary Fig. 5d).

Complement C3 is necessary for control of the initial wave of a
trypanosome infection and ISG65 delays trypanosome clearance
To test the role of ISG65 in infection, we deleted the entire locus
containing the ISG65 genes. The starting cell line was T. brucei

Nature Communications | (2022)13:5085
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Fig. 4 | Assessment of the effect of ISG65 and C3 knock-out on trypanosome
growth in mice. a The effect of ISG65 knock-out on trypanosome infections in
Balb/c mice. Five mice were infected with bioluminescent ISG65+/+ (blue, n=5
animals) or ISG65-/- (orange, n=>5 animals) T. brucei cell lines. Two uninfected
mice were used as controls for basal bioluminescence (grey, n =2 animals). Try-
panosome burden was measured by imaging bioluminescence over time. b The
effect of C3 knock-out on trypanosome infections in C57BL/6 mice. Bioluminescent
ISG65+/+ T. brucei were used to infect five C57BL/6 mice (blue, n =S5 animals) and
five C57BL/6 mice lacking C3 (purple, n =5 animals). Two uninfected mice were
used as controls for basal bioluminescence (grey, n =2 animals). Trypanosome
burden was measured by imaging bioluminescence over time. ¢ The effect of C3
knock-out on ISG65-/- trypanosome infections in C57BL/6 mice. Bioluminescent
ISG65-/- T. brucei were used to infect five C57BL/6 mice (orange, n =5 animals) and
five C57BL/6 mice lacking C3 (red, n =5 animals). Two uninfected mice were used as
controls for basal bioluminescence (grey, n =2 animals). Trypanosome burden was
measured by imaging bioluminescence over time. Individual mice are seen in
Supplementary Fig. 7. The data presented in a and b were conducted concurrently,
while that presented in ¢ was conducted subsequently and should not be directly
compared with the data in a and b. Points represent the mean and error bars the
standard deviation.

EATRO1125 pleomorphic bloodstream form cells*® which express far
red-shifted luciferase, Cas9 and T7 RNA polymerase transgenes. The
ISG65 locus was deleted using guide RNAs which directed cleavage at
unique sequences either side of the locus and deletions were repaired
with blasticidin and G418 resistance markers. Deletion of the ISG65
genes was confirmed by genome sequencing and had no effect on the
proliferation rate of the cell line in culture (Supplementary Fig. 6).
We next assessed the effect of ISG65 deletion on growth in a
mammalian host using the standard BALB/c mouse model. Groups of
five mice were infected with ISG65+/+ or ISG65-/- trypanosomes.
Parasite burden was monitored over 13 days by measuring biolumi-
nescence produced by the luciferase transgene (Fig. 4a and Supple-
mentary Fig. 7a). In each infected mouse, we observed two waves of
infection. A first wave peaked around 5 days post infection and then
was partly controlled, resulting in reduced parasite burden. Around
8 days post infection, a second wave of infection started, most likely

initiated by trypanosomes which had undergone antigenic variation®’.
The primary difference was in the rate of control of the first wave of
infection, with a more rapid decrease in parasite burden seen from day
5 in the ISG65-/- trypanosomes than in ISG65+/+ trypanosomes.

To investigate whether complement C3 is necessary for control of
parasite burden in the first wave of infection, we infected mice lacking
C3 with ISG65+/+ or ISG65-/- trypanosomes. Mice lacking C3 were in a
C57BL/6 background and so we also infected wild-type C57BL/6 as a
control. ISG65+/+ trypanosomes were used to infect groups of either
five C57BL/6 mice or five mice lacking C3. Parasite burden was mon-
itored by measuring bioluminescence (Fig. 4b and Supplementary
Fig. 7b). In mice with C3, we again observed two waves of infection,
with reduction of parasite burden starting around day 5. In contrast,
mice lacking C3 did not control the infection and parasite burden
remained high (Fig. 4b). When an equivalent experiment was subse-
quently conducted using ISG65-/- trypanosomes, we observed a
similar effect, with mice lacking C3 not able to control the infection
(Fig. 4c and Supplementary Fig. 7c).

These data combine to suggest that complement-mediated pro-
cesses, requiring complement C3, shorten the first wave of infection.
They also show that ISG65, the C3b receptor, reduces the susceptibility
of trypanosomes to C3-mediated clearance and that parasite burden
decreases more rapidly in its absence.

Discussion

Three distinct, but overlapping pathways can trigger the effects of
complement in infection. In the classical pathway, antibodies mediate
recruitment of complement C3b. In the lectin pathway, this is medi-
ated by recognition of pathogen surface oligosaccharides. In contrast,
the alternative pathway results from stochastic activation of C3,
resulting in deposition of C3b. Therefore, the alternative and lectin
pathways can operate from the start of infection, while the classical
pathway requires an antibody response. In the mouse infection models
used here, the initial increase in parasite burden occurs at an equiva-
lent rate in both C3+/+ and C3-/- mice, which suggests that the
alternative and lectin-based pathways are not controlling infection.
The decrease in parasite burden in the latter part of the first wave of
infection is therefore mostly likely due to the induction of
trypanosome-targeting immunoglobulins. The requirement for com-
plement C3 for this decrease indicates that it results from the classical
pathway of complement. Our finding that ISG65 slows this control of
parasite burden (Fig. 4a) therefore suggests that it controls the func-
tion of C3b deposited on trypanosome surfaces through the classical
pathway.

While we see no evidence for the role of the alternative pathway of
complement in controlling the parasite burden of a virulent trypano-
some strain during mouse infection, we do not rule it out in infections
in which trypanosomes are less virulent, or less adapted to growth in
mice. Indeed, studies conducted in vitro have shown that the alter-
native pathway can be initiated on trypanosome surfaces***. The
incubation of trypanosomes with serum results in conjugation of C3b
to the VSG coat*. To assess how far the complement cascade pro-
ceeds, deposition of complement factors, which occurs after C3b
conjugation, was investigated. C3b deposition on trypanosomes was
enhanced by factors B and D, and surface bound factor B was
observed, suggesting alternative pathway activation*’. However, C5
and C9 were not detected on the surfaces of these trypanosomes,
suggesting that the membrane attack complex does not form and that
the complement cascade does not proceed beyond C3 activation*”
This raises the question of what features of the trypanosome surface
limit progress of the complement cascade.

In this study, we show that ISG65, which is distributed over the
entire trypanosome surface, is a complement C3b receptor. As C3b is a
core component of each of the alternative, classical and lectin path-
ways of complement, ISG65 has the potential to reduce complement-
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mediated killing through each of these pathways. Indeed, we observed
that the absence of ISG65 leads to more rapid control of the first wave
of infection in a mammalian infection model, suggesting that the
receptor is part of a redundant system that has evolved to reduce the
effects of complement. What role may it play in blocking the pathways
of complement?

It is likely that multiple mechanisms will converge to allow ISG65
to contribute to resistance to complement-mediated killing. One
mechanism, which also reduces detection of trypanosomes by
immunoglobulins, is rapid endocytosis and recycling of the cell sur-
face. Antibodies attached to VSGs are swept towards the posterior of
trypanosomes by hydrodynamic forces conferred by a swimming
motion*’, These antibodies then enter the flagella pocket, where they
are endocytosed and degraded in the lysosome. It seems likely that a
similar mechanism will contribute to clearance of VSG-conjugated
C3b, reducing accumulation of C3b on the cell surface. Nevertheless, at
any point in time, there will still be surface deposited C3b. A receptor
which prevents this surface pool from triggering the later steps of the
complement cascade will therefore contribute to trypanosome survi-
val. How would such a receptor work?

For the receptor to block downstream events of the complement
cascade, it must be able to bind C3b that is conjugated to any of the
exposed surfaces of the VSG. This presents an access challenge to the
receptor, as much of the C3b is likely to be deposited on the most
exposed, membrane distal part of the VSG. However, the linker which
joins the C3d-binding domain of ISG65 to the transmembrane helix is
73 residues long and is predicted to be flexible. Such a linker would, if
fully extended, reach ~260 A from the cell surface, sufficient to extend
above the ~155 A thick VSG coat. This would enable receptors to bind to
C3b attached to any part of the trypanosome surface. With ISG65
distributed across the entire surface, at a density of ~70,000 copies per
cell, these receptors can then shield deposited C3b from other com-
plement components it as it is swept towards the flagellar pocket and
its subsequent destruction.

Comparison of ISG65 with the factor H receptor” shows them to
operate in different developmental stages of the trypanosome life
cycle. The factor H receptor is only expressed in bloodstream form
cells which have arrested as an adaption for transmission to tsetse
flies?? whereas ISG65 is expressed in both proliferating and arrested
bloodstream forms. While ISG65 is no longer expressed in proliferating
procyclic form trypanosomes in the tsetse fly midgut, factor H
receptor expression increases here, to counter complement in blood
meals?. As a result, ISG65 is part of a multicomponent system that
reduces the effectiveness of complement during growth in mammalian
blood, while the factor H receptor affects transmission to tsetse flies?.
This highlights two very distinct mechanisms by which African trypa-
nosomes reduce destruction by complement during different phases
of their life cycle. There remain at least six further families of ISGs with
unknown function, and we anticipate that some of these will also
contribute to survival under the onslaught of complement.

Methods
Expression and purification of trypanosome receptors
To produce ISG65 in E. coli, in order to raise antisera, ISG65 1125G
(residues 31-384) was expressed from a pET21b vector with a
C-terminal His, tag as previously described*. Protein was expressed in
E. coli BL21 (DE3) pRIPL, through induction at 37 °C for 3 h with 0.02%
(w/v) isopropyl B-D-1-thiogalactopyranoside (IPTG). Following cell
lysis, soluble protein was purified with nickel affinity chromatography
and buffer exchanged into phosphate-buffered saline (PBS).
N-terminally tagged GST fusion proteins, used in pull-down
experiments in Fig. 1c, were expressed from a pGEX-KG vector, mod-
ified to contain a GSSGGGG linker between tag and receptor. The
construct used to express GST-factor H receptor (FHR) has been
described before?”. The gene encoding residues 23-274 of the T.

congolense haptoglobin-haemoglobin receptor (TcHpHbR) was PCR
amplified from T. congolense 1L3000 genomic DNA. ISG65 1125A
(residues 22-385) was codon optimised for E. coli expression (Invi-
trogen). Both were inserted into the pGEX-KG vector, with both con-
taining a Tobacco Etch Virus (TEV) cleavage site between the GST tag
and the receptor sequence. GST fusion proteins were expressed in E.
coli BL21, through induction at 37 °C for 3 h with 0.02% (w/v) IPTG.
Following cell lysis, soluble protein was purified with glutathione-
sepharose affinity chromatography and was buffer exchanged
into PBS.

To produce ISG65 in Chinese Hamster Ovary (CHO) cells or
HEK293 cells, for structural and biophysical studies, I1SG65 1125G
(residues 24-385) was codon optimised for expression in mammalian
cells and was cloned into a pDestl2 vector. Protein expression was
driven by a cytomegalovirus promoter and a CD33 signal peptide was
used for secretion. The receptor sequence was followed by a flexible
linker (GSGSGSASG), an AviTag, and a His;o tag. G22 CHO cells were
grown in serum-free CCM8 medium (SAFC) and 500 ml of culture was
transfected with expression plasmid as described®. Cells were fed on
days 1, 3 and 6 with 3.3% F9 and 0.2% F10 (AstraZeneca). Secreted
protein was captured from culture supernatant by nickel affinity
chromatography, followed by buffer exchange into PBS. HEK293F cells
were grown in FreeStyle F17 medium (Thermo Fisher) and transfected
using polyethyleneimine at a cell density of 2.5 x10° cells. The culture
supernatant was harvested 6 days after transfection, and secreted
ISG65 was purified using Ni Sepharose excel resin (Cytiva), followed by
size exclusion chromatography with Superdex 75 300/10 GL.

Protein modification

Proteins containing an AviTag were biotinylated in vitro by mixing
purified protein (30 uM) with BirA ligase (0.5 uM), ATP (5000 puM) and
biotin (300 pM). The mixture was incubated overnight at room tem-
perature, followed by buffer exchange to remove free biotin.

Glycan removal was performed using PNGase F (NEB) under
native conditions and incubation at 37 °C for 4 h. For crystallography
and C3d SPR, ISG65G was expressed with kifunensine, and glycans
were removed by incubation with Endo H¢ (NEB) for 1 h at 37 °C.

Protein electrophoresis and visualisation

Protein samples were prepared and analysed using by SDS-PAGE and
standard methods. Western blotting used Immobilon-P membrane
(Millipore) and standard methods. Rabbit ISG65 antiserum was gen-
erated against recombinant ISG65 1125G produced in E. coli (Covalab)
and used as primary antibody. Anti-elF4A** was used as loading con-
trol. Donkey or goat anti-rabbit horseradish peroxidase conjugates
were used as secondary antibody.

Source of C3 derived fragments

Human complement C3b and C3c were purchased (Complement
Technology). Complement C3d was expressed in E. coli. DNA encoding
residues 996-1303 of H. sapiens C3 containing a C1010A mutation was
codon optimised for E. coli expression (Invitrogen), and was cloned
into the pET15b expression vector (Novagen) using Gibson Assembly
(NEB). C3d was expressed in E. coli by induction with 0.25 mM IPTG for
18 h at 18°C. Following cell lysis, C3d was purified from soluble
material by Nickel affinity chromatography, then by size exclusion
chromatography on a Superdex 200 in 20 mM HEPES pH 7.4, 150 mM
NaCl. E1110I, P1114R, 11125N, and L1046R mutants were purified in the
same way.

Generation of RNAi cell line

The approach for hairpin RNAi was as described®. The hairpin RNAi
plasmid p2950 contained an inverted repeat of the 3’ 335 nucleotides
of the ISG65 open reading frame separated by a 725bp stuffer
fragment.
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Immunofluorescence

The ISG65 RNAi cell line was grown without or with tetracycline for
24 h.Intotal, 1 x 107 cells from each were harvested and resuspended in
1ml HMI-9 and fixed by the addition of an equal volume of 8% paraf-
ormaldehyde in PBS. After 1h, 10 ml PBS was added and the cells col-
lected by centrifugation and resuspended in 1 ml PBS. In total, 50 pl
aliquots were placed on poly-lysine slides and cells were allowed to
settle for 1 h. Post-fixation permeabilisation involved a 5min incuba-
tion in 0.1% Triton X-100 in PBS. The primary antibody was a mixture of
affinity purified anti-ISG65 and a mouse monoclonal anti-FAZ (a kind
gift of Keith Gull, University of Oxford). Secondary antibodies were
donkey anti-rabbit IgG AlexaFluor 488 and goat anti-mouse IgG Alex-
aFluor 568. Hoechst 33258 was used to visualise DNA. Microscopy was
performed using a Zeiss Axioimager M1; images were recorded using
the Axiovision software (Zeiss) and the same settings were used for all
samples within a set of experiments. Images were imported into Adobe
Photoshop for figure preparation.

Pull-down experiments

Pull-downs used to identify C3 (Fig. 1c) were performed as previously
described™. In brief, glutathione-sepharose 4B (GE Healthcare, 140 pl
slurry/pull-down) was incubated with GST-tagged protein (1 mg/pull-
down) for 30 min, washed with PBS and incubated with bovine serum
(Sigma-Aldrich, 1 ml/pull-down) or a PBS control for 60 min. ISG65
E1125A produced in £. coli was used in these experiments. The beads
were rapidly washed with three PBS washes with a total time of 5 min.
Bound protein was eluted by adding SDS-polyacrylamide gel electro-
phoresis sample buffer and heating at 50 °C. The pull-downs using
GST-ISG65A as bait were performed in three replicates. Pull-downs
used to identify C3 from different mammalian species (Fig. 1d) were
performed by binding avi-tagged 1SG65 E1125G to Pierce Streptavidin
Agarose beads (Thermo Fisher). Serum from various mammalian
species (Sigma) was added to ISG65-streptavidin beads via gravity flow.
The beads were then washed three times with HBS pH 7.4, and C3
bound to ISG65 eluted with 0.1 M sodium acetate pH 4, 500 mM NaCl.

Mass spectrometry

Pull-down samples from Fig. 1c were run by SDS-PAGE and unique
bands for ISG65 E1125A were excised from one replicate, as was the
corresponding region from the GST-FHR control pull-down. Samples
were trypsin-digested and analysed by liquid chromatography-tandem
MS (LC-MS/MS) system using electrospray ionisation-quadropole-time
of flight (ESI-QUADTOF) by the Cambridge Centre for Proteomics,
using standard protocols. Searches were performed against a
database that contained sequences from the UniProt Bos taurus data-
base (taxID 9913), the cRAP database (with B. taurus removed to avoid
duplicates), as well as sequences for trypsin, LysC, and benzonase
(total =32,282 sequences) and were analysed by Mascot. Label-free
quantitation was performed using the online label-free spectral nor-
malised index quantitation software (SINQ) tool*.

Pull-down samples from Fig. 1d were analysed by SDS-PAGE and
the most intense band for each species was excised. The samples were
trypsin-digested and recovered peptides were analysed by LC-MS/MS.
Peptides were separated by nano liquid chromatography (Thermo
Scientific Easy-nLC 1000) coupled in-line to a Q Exactive mass spec-
trometer equipped with an Easy-Spray source (Thermo Fischer Scien-
tific). Peptides were trapped onto a CI8 PepMaclO0 precolumn
(Thermo Fischer Scientific) using 0.1% Formic acid. The peptides were
further separated onto an Easy-Spray RSLC C18 column (Thermo
Fischer Scientific) using a linear gradient from 15 to 35% of 0.1% formic
acid in acetonitrile, at a flow rate 200 nl/min. Full-scan MS spectra were
acquired in the Orbitrap. The ten most intense peaks were selected for
higher-energy collision dissociation fragmentation. For protein iden-
tification, tandem mass spectra were searched using SEQUEST HT
within Proteome discoverer PD1.4 (Thermo Fischer Scientific, version

1.4.0.288) against sequence databases containing protein entries from
organisms of interest and common contaminants (Human: Homo
Sapiens, Uniprot release 2022-01-24, 20549 protein entries; Bovine: Bos
Taurus, Uniprot release 2022-01-28, 6233 protein entries; Horse: Equus
Caballus, Uniprot release 2022-01-27, 44765 protein entries; Goat:
Capra Hircus, Uniprot release 2022-01-27, 35765 protein entries; Rab-
bit: Oryctolagus cuniculus, Uniprot release 2022-01-27, 1281 protein
entries).

Surface plasmon resonance

All SPR experiments were performed on a BlAcore T200 (Cytiva).
Binding of human complement C3b and mammalian sera (Sigma-
Aldrich) was performed by immobilising biotinylated ISG65G pro-
duced in CHO cells (-800 RU) to a streptavidin-coated chip (Series S
Sensor Chip SA, Cytiva). C3b and C3c were run from 500 nM in two-
fold dilutions to 15.6 nM and sera were diluted 1:10, 1:20, 1:40 and 1:80.
Measurements were performed at 30 pl/min at 25 °C in 20 mM HEPES
pH 7.4, 150 mM NaCl, 0.005% TWEEN-20, with 180 s injection and
300 s dissociation. Regeneration was performed using 0.1M glycine-
HCI pH 2.5. To study the binding of serum components from different
mammalian species to ISG65, ISG65G produced in HEK293 cells was
bound to a streptavidin-coated chip (1300 RU), (Series S chip CMS5,
Cytiva, with streptavidin coupled to -1450 RU). Sera from various
mammals was flowed over the chip in two-fold dilutions from 8 mg/ml,
at a flow rate of 30 pl/min at 25°C in 20 mM HEPES pH 7.4, 150 mM
NaCl, 0.005 % TWEEN-20. Regeneration was performed using 0.1M
sodium acetate pH 4, 500 mM NacCl.

To measure binding of C3d and mutants, ISG65 1125G was
immobilised by amine coupling (345 RU) to a CM5 capture chip
(Cytiva). To assess the affinity of C3d for ISG65G, C3d was run from
4uM in a two-fold serial dilutions. To assess how C3d mutants
impacted binding, C3d and mutants were flowed at a fixed con-
centration. C3d and mutants were flowed at 30 pl/min, with 240s
injection, 300 s dissociation at 25 °C, in 20 mM HEPES pH 7.4,300 mM
NaCl, 0.05 % TWEEN-20. Data collected for binding to a blank flow path
was used to subtract non-specific binding. Buffer was also flowed over
immobilised ISG65 under the same conditions and the response was
subtracted to correct for signal drift. All SPR experiments were per-
formed in triplicate. Binding responses were obtained using BlAeva-
luation software v1.0, enabling determination of affinity (Kp). Data for
C3c and C3d were fit to the 1:1 Langmuir model, yielding ko, and ko
kinetic parameters. Data for C3b was fit to a two-state reaction model,
yielding Kon1, Konz, Kofri, and kogro kinetic parameters.

Crystallisation, data collection and structure determination
ISG65G and C3d were mixed in a 1:1 ratio and the complex was purified
by size exclusion chromatography using a superdex 200 (Cytiva) in
10 mM HEPES pH 7.4, 50 mM NaCl and was concentrated to 13.4 mg/
ml. Complex was mixed at a 1:1:0.5 ratio with crystallisation buffer
(0.1M MES pH 6, 0.2 M MgCl,, 20% PEG 6000, Molecular Dimensions)
and silver bullet HR2-996-55 (Hampton Research) in a 250 nl drop.
Crystals grew by vapour diffusion in sitting drops after 5 days at 18 °C.

Diffraction data were collected on the MASSIF1 beamline at ESRF
using a Pilatus3_2M detector (Dectris) at a wavelength of 0.9655A.
Data was indexed and integrated using Dials v3.3* then scaled with
AIMLESS v0.7.7 in CCP4i2 v1.0.2***°, yielding a dataset extending to
2.6 A. The structure was solved by molecular replacement using
PHASER v2.8.3%°, with two copies of C3d (PDB ID: 1C3D*) used as a
search model. ISG65 was then built de novo using Coot 0.9.4°?, and the
structure was refined iteratively with BUSTER v2.1** and Coot. Chi-
meraX was used for visualisation.

Small-angle X-ray scattering analysis
Size exclusion chromatography-coupled SAXS data of ISG65G-C3d
complex was collected at the B21 beamline at Diamond Light Source™
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using a wavelength of 1 A. 12.6 mg/ml ISG65G-C3d was run on a Shodex
KW-403 in 10 mM HEPES pH 7.4, 50 mM NacCl at a flow rate of 0.16 ml/
min, and SAXS data collected at 1 frame/s. ATSAS v3.0.3% was used to
automatically select frames containing scattering of ISG65G-C3d, and
also frames containing only scattering caused by buffer, which was
subtracted from ISG65G-C3d frames. GNOM in ATSAS was used to
calculate a fit to the scattering data and was calculate the pair-
distribution function using an Ryax of 145A. An ab initio electron
density map was then calculated using DENSS v1.6%, with a final map
calculated by averaging 20 independent runs.

Circular dichroism

CD spectra were recorded between 190 to 260 nm on a Jasco J-815
spectropolarimeter with a path length of 1 mm. C3d-WT, E1110I, P1114R,
I1125N, and L1046R were measured at 0.24, 0.25, 0.25, 0.24, 0.21 mg/ml
respectively in 10 mM HEPES, 150 mM NaF pH 7.4. Ten runs were
recorded and averaged for each spectra, then converted to mean
residue ellipticity using CAPITO.

Knock-out cell lines

T. brucei EATRO1125 bloodstream forms® were maintained in standard
culture conditions between 1 x 10° and 1 x 10° cells/ml and experiments
were performed when the cells were in mid-log phase. Transfections
were performed using standard procedures and transfected clones
were selected using 10 pg/ml blasticidin, 1 pg/ml puromycin, 25 pg/ml
hygromycin or 10 pg/ml G418 as appropriate.

Deletion of the ISG65 gene array in the EATRO1125 cell line was
performed using clustered regularly interspaced short palindromic
repeats (CRISPR)-associated gene 9 (Cas9) gene editing. The parental
blood stream form cell line was first modified by transfection with a
construct containing a red-shifted luciferase®®. Next, a luciferase-
expressing clone was further modified by transfection with a construct
containing Cas9, T7 RNA polymerase transgenes enabling genome
editing®. Primers were designed using the LeishGEdit online database
(leishGEdit.net). The resultant cell line was then transfected with PCR
products to perform ISG65 knock-out as described; two rounds were
need to delete first one and then the second allele.

Genome sequencing

Genomic DNA was prepared from cell lines using Qiagen DNeasy Blood
and Tissue kit. DNA was sequenced using a 150 bp library paired-end
approach at the Beijing Genomics Institute. Quality filtering was per-
formed using trimmomatic® using the settings: LEADING:10 TRAIL-
ING:10 SLIDINGWINDOW:5:15 MINLEN:50. The quality filtered paired-
end reads were then mapped to the T. brucei TREU927 genome?* (v46
from www.tritrypdb.org) using Bowtie2®? with default settings on the
Galaxy platform®® and visualised using Artemis®*.

Analysis of trypanosome infection in a mouse model

All experiments were performed using female BALB/c (6-8 weeks of
age), C57BL/6J or C57BL/6J C3—/- (Jackson mouse stock no. 003641)
(both 8-9 weeks of age) mice purchased from Charles River (UK).
They were maintained in individually ventilated cages, under specific
pathogen-free conditions, with a 12-h light/dark cycle, ambient
temperature of 19-24 °C, 45-65% humidity, and were provided with
food and water ad libitum. Research was carried out under UK Home
Office project licenses PPL 70/8207 and P9AEEO4E4 (protocol 04),
with approval of the LSHTM Animal Welfare and Ethical Review
Board, and in accordance with the UK Animals (Scientific Procedures)
Act 1986 (ASPA). Mice were infected intraperitoneally with 1 x 10° BSF
trypomastigotes of T. brucei EATRO1125 Luc ISG65+/+ or EATRO1125
Luc ISG65-/-. Five mice were infected for each group and two mice
remained uninfected. Progress of the infection was monitored by
bioluminescence imaging. Imaging was carried out by intraperitoneal
injection of 150 mg/kg D-luciferin. After 5min, mice were

anaesthetised with 2.5% (v/v) gaseous isofluorane in oxygen. The
mice were transferred to the IVIS Illumina and imaged using Living-
Image 4.3. software (PerkinElmer). Exposure times were determined
automatically and varied between 1s and 5min depending on the
radiance. After imaging, mice were allowed to recover and were
transferred back to their cages. These studies were conducted in two
separate experiments. The experiment using BALB/c mice (Fig. 4a)
and that in which ISG65+/+ trypanosomes were used to infect C57BL/
6) or C57BL/6) C3—/- mice (Fig. 4b) were conducted concurrently,
and the two sets of mice were infected using the same trypanosome
culture. The experiment in which C57BL/6) or C57BL/6J C3—/- mice
were infected with ISG65-/- trypanosomes (Fig. 4c) was conducted
subsequently and, although the same trypanosome cell line was used
as above, should not be directly compared with the experiment
presented in Fig. 4a, b.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The T. brucei EATRO1125 ISG65 A to G gene sequences used in this
study have been deposited in the European Nucleotide Archive under
accession codes 0OU529038, 0U529039, 0U529040, 0U529041,
0U529042, OU529043 and OU529044 and are given, together with
other sequences, in “supplementary data 1.xIsx” The raw reads from
the genome sequencing used in this study have been deposited in the
ArrayExpress database under accession code E-MTAB-10878. Coordi-
nates and structure factors used in this study have been deposited in
the Protein Data Bank under accession code 7Pl6. Uncropped gels
generated in this study are provided in “source data.xlsx”, while those
relating to supplementary information are at the end of the Supple-
mentary Information file. Raw SAXS data generated in this study is
provided in “supplementary data 2.zip”. Source data are provided with
this paper.
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