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This valuable manuscript investigates the localisation of nutrient receptors in
bloodstream stage trypanosomes, with implications for both nutrient uptake and
immune evasion. Results after direct fixation of the cells in culture medium provide
convincing evidence that the amounts of receptors on the surface of the cell, as
opposed to the flagellar pocket, have previously been severely underestimated. Some
results were essentially confirmatory, and there are questions regarding the
quantitation of ligand binding by transferring receptors.

https://doi.org/10.7554/eLife.107191.1.sa2

Abstract

Trypanosoma brucei, the causal agent of Human and Animal African trypanosomiasis
proliferates in the extracellular milieu of mammals. It acquires host macromolecular
nutrients, by receptor mediated endocytosis. The best characterised receptor is for
transferrin (TfR) and it has been reported to be sequestered in the flagellar pocket, the sole
site of endocytosis. In this location the TfR may be inaccessible to adaptive immune system
effectors. The T. brucei genome encodes ~15 TfR variants, and here we compared two, the
first attached to the plasma membrane by a single glycosylphosphoinositol (GPI)-anchor and
the other by two. Transferrin uptake kinetics were similar and rapid for both. Unexpectedly,
initial binding of transferrin occurred over the whole cell surface suggesting the TfR was not
sequestered in the flagellar pocket. This localisation was confirmed by immunofluorescence
assays and was independent of the number of GPI-anchors. Two other GPI-anchored
receptors were investigated to determine whether localisation to the whole cell surface was a
general property of GPI-anchored receptors. Haptoglobin-haemoglobin uptake assays and
immunofluorescence localisation of complement factor H receptor showed both were also
whole cell surface localised. The mechanisms by which trypanosome receptors are protected
from antibody-mediated attack are more subtle than hiding in a pocket.
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Introduction

Trypanosoma brucei proliferates within the bloodstream and tissue spaces of mammals and can
maintain a long-term infection lasting in some cases for years. To do this, it must avoid the host
adaptive and innate immune response at the same time as acquiring nutrients from the host. The
adaptive immune response is overcome through a population survival strategy based on a densely
packed surface coat of variant surface glycoprotein (VSG) that undergoes antigenic variation. As
the antibody titre against one VSG increases, a small subset of trypanosomes that have switched
expression to a different VSG escape until they are recognised in turn and so on in an iterative
process (Mugnier et al., 2015 ). The trypanosome has evolved mechanisms to increase the titre of
host immunoglobin required for killing. First, there is rapid endocytosis and degradation of VSG
bound antibody (Engstler et al., 2007 %) and second, a receptor for IgG Fc region (ISG75) inhibits

the classical pathway of complement and C1q and Fc-dependent phagocytosis (Mikkelsen et al.,

been identified and characterised (Cook et al., 20247 ; Macleod et al., 2020 &, 2022 (3). Acquisition
of small molecule nutrients, such as glucose and amino acids, use typical eukaryotic membrane
transporters.

Obtaining host macromolecule nutrients poses a more complex problem. First, T. brucei has a very
wide host range and receptors have to recognise a diversity of ligands, this has been shown to be
the case for both the transferrin (TfR) (Trevor et al., 2019) and haptoglobin haemoglobin
receptors (HpHDbR) (Lane-Serff et al., 2016 2). Second, as these receptors bind ligands that are
equivalent in size to immunoglobulin molecules then why are host antibodies against receptors
not sufficient to clear an infection? Some models to account for this suggested that the VSG coat
acts as a barrier preventing immunoglobulin access. However, it was shown that antibodies could
penetrate a significant distance into the VSG coat (Hsia et al., 1996 @) but not to the small plasma
membrane proximal VSG domain (Schwede et al., 2011 ). Both the ligand size and the
penetration of antibodies into the VSG coat made it unlikely that receptors were sterically
protected from antibody binding. Immunization of mice with neither recombinant C3R nor ISG75
protected against infection (Ziegelbauer & Overath, 1993%). In addition, accessibility of the
HpHDbR was demonstrated by the ability of a monoclonal antibody drug conjugate to clear
infections in a mouse model (MacGregor et al., 2019®).

The trypanosome flagellar pocket is an invagination of the plasma membrane at the base of the
single flagellum and is the sole site of endo- and exocytosis. The flagellar pocket is a discrete
domain of the plasma membrane (Gadelha et al., 2009 ) with several exclusively localised
proteins (Gadelha et al., 2015). At the neck of the pocket, there is a restriction introduced by
close contact between the plasma membranes of the flagellum and pocket as it emerges onto the
cell body. This flagellar pocket collar is maintained by specific proteins (Bonhivers et al., 2008 (%)
and contains a specialised region of plasma membrane (Gadelha et al., 2009 @). The exclusive
localisation of some proteins to the plasma membrane of the flagellar pocket, others to the cell
body, and a range to both, indicates that there is regulated passage between the two domains of
the plasma membrane.

There is variation in the reported localisation of receptors to different domains of the plasma
membrane. TfR was the first receptor to be identified, it is glycosylphosphatidylinositol (GPI)-
anchored and has been localised to the flagellar pocket and endosomal membrane in some studies
but others suggested it was on the flagellar pocket, cell body plasma membrane and endosomal
membrane (Duncan et al., 2024 @ ; Mussmann et al., 2003 (3, 2004 (2 ; Steverding et al., 1994a (2,
1995 ; Tiengwe et al., 2017 %). The Complement Factor H receptor (FHR) is probably GPI-
anchored and is localised to the cell body and flagellar plasma membrane (Macleod et al., 2020 ).
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HpHDR, also probably GPI-anchored, has been localised to the flagellar pocket (Vanhollebeke et al.,
2008 %). C3R and ISG75 are type I transmembrane proteins and localise to the cell body, flagellar
and pocket plasma membrane (Leung et al., 2011 % ; Ziegelbauer et al., 1992 (%). The localisation of
receptors to the flagellar pocket has been proposed to protect the cell from downstream effects of

antibody recognition of the receptor but the discovery of new receptors, such as C3R (Macleod et

surface seems to contradict this argument.

Newly synthesised or recycled proteins are added to the plasma membrane at the flagellar pocket.
For proteins that are concentrated in the flagellar pocket, the nature of the retention and/or
retrieval signal is unknown but for transmembrane proteins could involve recognition in the
cytoplasm. In contrast, GPI-anchored proteins have no cytoplasmic component and recognition
must occur on the external face of the plasma membrane. Any signal for retention has to operate
in a background of huge sequence variation in VSGs which makes short amino acid motifs
unlikely. There is experimental evidence that one such signal is the number of GPI-anchors per
molecule, a single anchor leading to retention and more than one escape to the surface of the cell
body (Tiengwe et al., 2017 ). These experiments manipulated the number of GPI-anchors on TfR,
usually a heterodimer with a single anchor on one subunit. Adding an anchor to the second
subunit caused a change in localisation to the cell surface and endosome as judged by
immunofluorescence. However, conditions that led to in a few fold increase in expression of single
GPI-anchored TfR, including transferrin shortage and growth at high cell density, resulted in the
detection of TfR on the cell body surface (Mussmann et al., 2004 2 ). Whether the surface-localized
TR is functional remains unproven (Mussmann et al., 2004 @ ; Schwartz et al., 2005 3%).

TfR is encoded by a dispersed gene family with ~15 TfR variants. The experiments here started
with a chance observation that one of these encoded a receptor with two GPI-anchors while the
others have a single anchor. This was exploited to investigate how the presence of one or two GPI-
anchors affected function. We show that the second GPI-anchor has no effect on the kinetics of
uptake, or processing of transferrin through the endosome. However, the second anchor resulted
in >1.5-fold increase in steady state receptor levels. Further, transferrin uptake experiments
provided evidence that TfR was present over the entire cell surface and this was supported by
immunofluorescence experiments. An analysis of the localisation of two other putatively GPI-
anchored proteins showed that all were present over the entire cell surface. These experiments
demonstrate that the trypanosome expresses a set of receptors over the entire cell surface
inferring that there are robust mechanisms to resist antibody mediated recognition of conserved
cell surface proteins.

Results

The BES7 VSG expression site encodes a

transferrin receptor with two GPI-anchors

In T. brucei, the active VSG gene is transcribed from a bloodstream form expression site (BES) that
is telomere proximal. BESs contain up to 12 other co-transcribed expression site associated genes
(ESAGs) (Hertz-Fowler et al., 2008 (7 ; Pays et al., 2001 ). TfRs are heterodimers encoded by ESAG6
and ESAG7 (Chaudhri et al., 1994(#; Salmon et al., 1994a (@) and those characterised to date are
attached to the external face of the plasma membrane by the addition of a GPI-anchor to ESAGS.
The ESAG6 and 7 subunits share around 80% amino acid identity and different BESs encode
variants of ESAG6 and 7 with 90% or more amino acid sequence identity (Maier & Steverding,
2008(2; Trevor et al., 2019®). In T. brucei Lister 427, the isolate used in these experiments, there
are 15 BESs (Barcons-Simon et al., 2023 @) and most were sequenced and annotated after
transformation associated recombination cloning of telomeres (Hertz-Fowler et al., 2008 2). In the
original annotation, BES7 stands out as it has two copies of ESAG6 but apparently lacked ESAG7
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and as such would not be able to make a functional TfR. Here, a fresh analysis of the sequence was
performed and indicated that the first ‘ESAG6’ gene annotated in BES7 actually encoded an ESAG7
with a GPI-anchor. Phylogenetic analysis of ESAG6 and ESAG7 confirmed that a copy of ESAG7 is
indeed present in BES7 along with a single copy of ESAG6 (Figure 1A ). The origin of the GPI-
anchor attachment signal in BES7 ESAG7 was investigated by comparing the ESAG7 mRNA
sequences from 13 different BESs. This showed that all the ESAG7 genes contained residual coding
sequences for GPI-anchor addition but a set of small deletions between nucleotides 985 and 1068
in the ORF resulted in a frameshift leading to a premature stop codon at the C-terminal end
effectively removing the GPI-anchor attachment sequence (Figure S1). A comparison of BES7
ESAG6 and 7 showed that the C-terminal 120 amino acid sequences are identical and there was a
clear prediction for a GPI-anchor on both using NetGPI 1.1 (Gislason et al., 2021 &) (Figure S2 ).

Cellular TfR protein levels are determined by
BES identity and the number of GPI-anchors

ESAG6 and 7 protein levels were examined by western blotting in cell lines expressing VSGs and
TfRs from three different BESs: BES3-VSG118, BES1-VSG221 and BES7-VSG224 (Figure 1B(2). TfRs
have several N-linked glycosylation sites and whole cell lysates were treated with PNGaseF to
simplify analysis. First, in BES7 cells there was a shift in the apparent molecular weight of ESAG7
from ~30 kDa to ~38 kDa, which is consistent with the addition of a GPI-anchor (Figure 1B®),
such a change in mobility on the addition of a GPI-anchor to ESAG7 has been reported previously
(Tiengwe et al., 2017 @). Second, the identity of the active BES affected both ESAG6 and ESAG7
protein levels, there were increasing levels of expression: BES3 < BES1 < BES7 (Figure 1B(®).
Lastly, when the BES7 cell line was modified to exchange VSG224 to VSG221 (see below), this had
little effect on TR expression, suggesting the BES identity was the dominant determinant rather
than the VSG type. The rabbit TfR antiserum used was raised against the TfR from BES1 (Gerrits et

is >92% and it is unlikely that the difference in TfR levels result from differential reactivity of the
serum to different TfRs.

We next investigated whether GPI-anchor number contributed to the variation in cellular TfR
levels by making a set of transgenic cell lines (Figure 2A(2). First, VSG224 in BES7 was changed to
VSG221. Next, the cell line expressing VSG221 from BES7 was modified to alter the ESAG7 by
exchanging the 3’ end of the ORF with that from BES1 ESAG7 resulting in the loss of the GPI-anchor
signal. As a control, a second cell line in which the ESAG7 gene retained the GPI-anchor addition
sequence was made. Similar modifications were performed on cells expressing VSG221 from BES1,
cell lines expressing either BES1 ESAG7 modified with the C-terminal GPI-anchor sequence from
BES7 ESAG7 or the endogenous BES1 ESAG7 were made. The result was four cell lines: all
expressed VSG221 from either BES1 or BES7 and TfR with or without a GPI-anchor on ESAG7.

The cell lines were characterised by western blotting of PNGaseF-treated whole cell lysates (Figure
2B[@). The addition of a GPI-anchor signal sequence to ESAG7 resulted in an increase in both
ESAG6 and 7. To estimate this change, whole cell lysates were minimally separated by SDS-PAGE to
collapse the ESAG6 and 7 proteins into a single band prior to western blotting. Relative
quantitation was obtained using a titration curve of the highest T{fR expresser and normalised
against SCD6 for loading (Figure 2C%). Three biological replicates were performed and the levels
of both TfRs from BES1 is significantly lower (p>0.99), ~3.5 fold, compared to BES7, regardless of
GPI-anchor number. The presence of a GPI-anchor on ESAG7, leading to a double-anchored T1R,
significantly increased (p>0.95) the expression level by approximately 1.9-fold in BES1 and about
1.5-fold in BES7. This provides strong evidence that the presence of a GPI-anchor on ESAG7
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Figure 1.

T. brucei transferrin receptor expressed from BES7 contains GPI-anchored ESAG7.

a neighbour joining tree with 100 bootstraps and no outgroup on residues 1 to 332 of the alignment. BES7 ESAG 6 and 7 are
shown in red. (B) Variation in transferrin receptor expression in cell lines expressing VSGs from different bloodstream form
expression sites (BES). BES3-VSG118, BES1-VSG221, BES7-VSG224 cell lines are unmanipulated and the BES7-VSG221 was
made after exchanging VSG224 for VSG221 (see Figure 2A ). Cell lysates were treated with PNGaseF and 2 x 10° cells
equivalents were loaded. Western blots were probed with anti-TfR, and then overprobed with anti-VSG221. ESAG6 and ESAG7
plus GPI-anchor variants are indicated; BES3-VSG118 and BES1-VSG221 cell lysates contain ESAG7 without the GPI anchor.
BES3-VSG118 and BES7-VSG224 cell lysates did not show any VSG221. The presence of VSG221 protein confirmed the
switching of BES7 VSG224 to VSG221. Switching in VSG type did not affect the expression pattern of native TfR (ESAG6/7 plus
GPI) protein. Coomassie blue stained SDS-PAGE gel to demonstrate loading of samples.
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Figure 2.

BES identity and the number of GPI-anchors determines the cellular TfR levels.

(A) Schematic illustrating the production of cell lines. For the addition and removal of ESAG7 GPI-anchor addition sequences,
two constructs were used for each of BES1 and BES7. A description of the construct is provided in the methods. For BES7, the
same process was used, one construct removing the GPI-anchor from ESAG?7, the other leaving it intact. For BES1, integration
of one resulted in modification of ESAG7 to add a GPI-anchor, integration of the second resulted in an unchanged ESAG7
polypeptide sequence. Restriction enzyme sites used in cloning: P, Pacl; E, EcoRI; S, Sacl; Bs, BstEIl and Bb, BsrBI. The VSG in
BES7-VSG224 cells was switched to VSG221 to remove any VSG-dependent variation. The targeting construct conferred G418
resistance. (B) Transferrin receptor expression in the following cell lines: BES7-VSG221 single (1-GPI) and double (2-GPI) GPI-
anchored TfR and BES1-VSG221 single and double GPI-anchored TfR. Cell lysates were treated with PNGaseF and 2 x 108 cells
equivalents were loaded per gel track. A western blot of the samples was probed with anti-TfR then over probed with anti-
VSG221 and anti-SCD6. ESAG6 and ESAG7 plus GPI-anchor variants are indicated. (C) TfR quantitation estimates from a
minimum of three biological replicates of each cell line, error bars display the standard deviation for each sample. Samples
plus a dilution series from BES7-221 were minimally separated by SDS-PAGE to compress TfR components to a single band for
analysis after western blotting, probed with anti-TfR and anti-SCD6. Donkey anti-rabbit Alexa 488 was used as secondary
antibody and band intensity was calculated by ImageJ ensuring that signals taken for each reading were below saturation
levels. Relative quantitation was determined by mapping values to those obtained from a dilution series. Measurements for
SDC6 were used to normalise cell loading with the value for BES1-1GPI anchor samples given an arbitrary value of 1.
Statistical analysis was used a two-tailed paired t-test, **p < 0.01; *p < 0.05.
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contributes to the higher cellular expression level of TfR, which could result from increased
protein stability, reported for VSGs, (Bangs et al., 1986 (7Z; Engstler et al., 2004 (?) or a higher rate of
turnover and/or greater shedding of the single GPI-anchored TfR.

Transferrin uptake kinetics are similar in cells

expressing TfRs with either one or two GPI-anchors

To investigate whether anchor number influenced function, BES7-VSG221 cell lines expressing
single or double GPI-anchored TfR were used. It has already been shown that a TfR with double
GPI-anchors is functional (Tiengwe et al., 2017 @), here the kinetics of transferrin binding and

uptake by single and double GPI-anchor TfRs were compared. The experimental approach was
similar to that developed to characterise the binding and endocytosis of VSG antibodies (Engstler

any other manipulation, to a final concentration of 0.5 pM and cells were then fixed over a time
course from 15 to 600 seconds and imaged by epifluorescence microscopy (Figure 3A® and
S3A[). At 15 seconds there was variation between individual cells with Tf,5¢g present on the
flagellum, across the cell body and the flagellar pocket in both cell lines. There was also variation
at 60 seconds, Tf, 55 Was present in the endosomal compartment of most cells, and the cell surface
in some cells. At 600 seconds the Tf,5¢g was predominantly within the endosomal compartment.
The variation was also examined by quantifying the fluorescence from individual cells (Figure
3B[@), this showed the range of variation and an increase in fluorescence between 15 and 60
seconds followed by a decrease by 600 seconds. Fluorescence intensity was also determined across
transverse sections of the cell (Figure 3C @), this showed some cells with internal signal and
others with two peaks from a cell surface distribution. There was a stronger signal from cells
expressing TfR with two GPI-anchors, consistent with higher expression levels, but no consistent
differences in distribution were seen.

The same Tfy565 uptake assay was performed with the BES1-VSG221 cells expressing TfRs with one
or two GPI-anchors (Figure 3D and S3B(%). There was a reduced binding and uptake of Tf, 544
in BES1 cells compared to BES7 cells as might be expected given lower levels of the receptor.
Otherwise, the time course of uptake was similar: at 15 seconds Tf,55g Was present on the
flagellum and cell body surface as well as the flagellar pocket in both cell lines, at 60 seconds
Tfp56g On the cell surface was reduced and some was now present in the flagellar pocket and
endosomal compartments, and by 600 seconds Tf,56g Was substantially within endosomal
compartments. In both BES7 and BES1 cell lines, fluorescence distribution patterns across the cells
showed variability at 15 and 60 sec (Figure 3E-F @), but appeared more uniform at 600 sec.

Previous studies have shown that some TfRs do not bind canine transferrin (Mussmann et al.,

(Figure S4A @) and it was used as a negative control in the same transferrin binding and uptake
assay above using BES7-VSG221 cells expressing TfR with either one or two GPI-anchors (Figure
S4B (@). No cell binding or uptake of canine Tf in either cell line was observed. These findings
provide evidence that the binding of bovine transferrin to the cell surface is receptor dependent.
Together, these experiments support a model in which the TfR is present on the cell surface, and
endocytosis is a rapid process. The greater Tf binding and uptake in BES7 compared to BES1 cells
provides evidence that TfR abundance limits the amount of Tf endocytosed. The number of GPI-
anchors on the TfR has no obvious influence on Tf uptake but does affect receptor levels.

The finding that Tf,56g Was bound over the whole cell surface at early time points in the uptake
assays suggested a similar localisation for the TfR. This is not consistent with some previous
studies that found TfR and other GPI-anchored receptors sequestered in the flagellar pocket
(Duncan et al., 2024 2 ; Mussmann et al., 2004 3 ; Steverding et al., 1994a (%, 1995 & ; Tiengwe et al.,
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Figure 3.

Transferrin endocytosis is rapid, in both single and double GPI-anchored cells.
Initial binding is to the cell surface and internalization is detected within 60 sec.

Cultures of single (1-GPI) or double (2-GPI) GPI-anchored TfR expressing BES7-VSG221 and BES1-VSG221 cells were
supplemented with 500 nM Alexa568 labelled holo-transferrin (Tfa56g) and incubated for 15 sec, 60 sec or 600 sec and fixed by
addition of formaldehyde to 1% for 5 min. Following washing with PBS containing 1% bovine serum albumin cells were
visualized under Zeiss Axio Imager.Z2 with X100 objective. Images in all these experimental time points for both 1- and 2GPI
TR cells were captured with same intensity of excitation and exposure time. (A) Images showing the location of bound or
endocytosed transferrin in representative cells in populations and at time points as indicated. Scale bar is 5 pm. Images were
processed with ZEN Blue 3.4 software without any deconvolution. Larger numbers of cells are shown in Supplementary
Figure 3. (B) The variation between individual cells in transferrin binding and uptake and endocytosis shown by
measurements of total fluorescence intensity of Tfpggg in BES7 VSG221 1- and 2-GPI TR cells at 15 sec, 60 sec and 600 sec.
Measurements were obtained using Zen Blue 3.4 software and normalizing the background fluorescence. Scatter plots of
measurements of individual cells are shown for 1-GPI (grey) and 2-GPI (purple) TfRs. The average and standard deviation are
shown for each cell line. (C) Tfp56g fluorescence intensity distribution across transverse sections of randomly selected cells
was measured using Image] software. The plots are shown for both BES7 1- and 2-GPI cell lines, showing the pattern of
individual cells in different colours at 60 sec and 600 sec. (D) (E) and (F) Same as (A) (B) and (C) but with BES1-VSG221 1- and
2GPI TfR expressing cells.
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anchored TfR along with two other GPI-anchored receptors.

Localisation of the transferrin receptor by immunofluorescence
Previous reports provided evidence that in BES1-VSG221 cells grown in the presence of 10% FBS,
the cell surface TfR is located within the flagellar pocket, rather than dispersed on the cell surface
(Ligtenberg et al., 19947 ; Mussmann et al., 2003 ; Salmon et al., 1994a &; Tiengwe et al.,

2017 32). In contrast, when cells are treated to increase TfR expression by roughly three to fivefold,
for example when grown to high density or in canine serum, TfR localizes on the cell surface
(Mussmann et al., 2003 @). The transferrin uptake experiments above indicated that the TfR is
dispersed over the cell surface and to resolve this discrepancy, the localisation of the TfR was
investigated using immunofluorescence. Based on the transferrin uptake experiments, we
reasoned that the localisation of the TfR would be very dynamic and thus chose to fix the cells in

culture without any centrifugation or washing.

Four cell lines, BES1-VSG221 and BES7-VSG221 cells each expressing TfR with one or two GPI-
anchors, were investigated. Fixative was added to cells in culture without any other
manipulations, the final concentrations were 4% formaldehyde and 0.2% glutaraldehyde and TfR
localisation was observed by immunofluorescence after settling cells on microscope slides. Under
these experimental conditions, the TfR in all four cell lines had a distribution across the entire cell
surface including the flagellar pocket and in internal compartments in some cells (Figure 4A ).
Fluorescence intensity measurements across transverse sections of both the BES7 1- and 2 GPI
cells confirmed that TfR is indeed present on the surface of some cells as seen by two peaks in
fluorescence corresponding to the cell periphery in some cells (Figure 4B(2). As in the Tf uptake
experiments, the strength of signal as measured by total fluorescence intensity from individual
cells showed that TfR abundance varied between individual cells in populations (Figure 4C and
Figure S5(@). These measurements also showed that the presence of two GPI-anchors on TfR
increased levels by about 1.5-fold compared to the single anchored receptor and that there is a
~3.5-fold higher TfR expression in BES7 compared to BES1 cells regardless of GPI-anchor number.
These measurements support the western blot quantitation (Figure 2(2) and also provide
evidence that the immunofluorescence signal does not contain a significant level of non-specific
background.

Structured lumination Microscopy (SIM) was used to obtain more information on TfR localisation
in the same four cell lines as above (Figure 5%). TfR was present on the cell surface including the
flagellar pocket, cell body and flagellum, and in the endosome (single stack images) (Figure 5A(2).
Three-dimensional reconstruction of the localization of TfR confirmed that it is distributed across
the cell surface and in endosomes (Figure 5B%).

These experiments collectively provide strong evidence that TfR is indeed present on the T. brucei
cell surface under normal growth conditions and that the localization pattern is independent of
the presence or absence of a GPI-anchor in the ESAG7 subunit.

Cell surface localisation is shared by

two other GPI-anchored receptors

The finding that TfR is distributed over the whole cell surface led to an investigation of other
receptors. Two were selected on the basis of being predicted to have one or more GPI-anchors and
a non-expressing negative control being available. The first was the haptoglobin haemoglobin
receptor (HpHbR) for which +/+ and -/- cell lines were used. The structure of most of HpHbR is
known and it would appear to be a monomer but two or more receptors can bind a single ligand
(Higgins et al., 2013 & ; Lane-Serff et al., 2014 %). HpHbR has a low copy number, 300 to 400 per
cell (Vanhollebeke et al., 2008 @) and, in the absence of a suitable antibody, a ligand uptake assay
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Figure 4.

Immunofluorescence localisation of single and double GPI-
anchored transferrin receptors to the entire plasma membrane.

Cell lines expressing VSG221 and either 1- or 2-GPI TfR variants were fixed in culture with final concentrations of 4%
formaldehyde and 0.2% glutaraldehyde. Immunofluorescence localisations were performed with rabbit anti-TfR followed by
donkey anti-rabbit Alexa 488 (green). Cells were visualized using a Zeiss Axio Imager.Z2 with X100 objective. Images in all
these experimental sets were captured with same intensity of excitation and exposure time. (A) Localization in cell lines as
indicated. Scale bar is 5 pm. Images were processed with ZEN Blue 3.4 software. A larger number of cells is shown in Supp.
Figure 52 . (B) Fluorescence distribution across transverse sections of the cells was measured using ImageJ software. Plots
are shown for both BES7-VSG221 TfR cell lines, each cell in a different colour. (C) Mean anti-TfR fluorescence intensity in
individual cells of both BES1 VSG221 and BES7 VSG221 1- and 2-GPI TfR cell population was measured using ZEN Blue 3.4 and
normalized against the background fluorescence. Bar diagram shows the fluorescence intensity of either 1-GPI (grey) or 2-
GPI (purple) TR from individual cells. The columns represent the average and the error bars show the standard deviation.
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Figure 5.

Localization of single and double GPI-anchored transferrin
receptors under 3D structured illumination microscope.

Cells expressing either 1- or 2-GPI-anchored TfR were fixed in culture with final concentrations of 4% formaldehyde and 0.2%
glutaraldehyde. Immunofluorescence localisation was performed with rabbit anti-TfR and donkey anti-rabbit Alexa 488. Cells
were visualized using a Zeiss Elyra7 microscope with X63 objective. Images in all these experimental sets were captured with
same intensity of excitation and exposure time. (A) Localization of TfR in different cell lines as indicated. Scale bar is 5 ym. (B)
3D projection generated using ZEN Blue 3.4 software example cells from the cell lines as indicated. These images show the
localization pattern of TfR on the cell surface as well as within intracellular compartments. X-Y-Z axis is indicated.
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was used. The second receptor analysed was the complement factor H receptor (FHR), this was
used after a fortuitous observation that although it is not expressed when cells are grown in
medium containing 10% foetal bovine serum (Macleod et al., 2020 ®), it is expressed at high levels
when the same cells are grown in medium with 10% rabbit serum replacing the foetal bovine
serum. The structure of FHR is known and it is a monomer with a single GPI-anchor (Macleod et
al.,, 2020®).

Alexa 568-labelled HpHb (HpHb56g) was used in uptake assays with HpHbR +/+ and -/- cells as for
transferrin uptake (Figure 6A?). There was binding of ligand to the cell surface by 15 seconds,
uptake into the endosome by 60 seconds, and a location consistent with the lysosome by 600
seconds. Binding and uptake were not detected in HpHbR -/- cells (Figure 6A @). The kinetics of
uptake were similar to those for transferrin. Presence of HpHb56g on the cell surface was
confirmed by the fluorescence signal measurement across the cells at 15 seconds, which showed
two distinct peaks consistent with peripheral localisation for some cells (Figure 6B (%), the noise in
the quantification is due to the low copy number of the receptor. Again, there was variability in
binding and uptake of HpHb across the population (Figure S6 ).

In trypanosomes cultured in medium containing 10% rabbit serum, expression of the FHR was
readily detected whereas in medium containing foetal bovine serum (FBS) it is not (Figure 7A®).
Cells cultured with rabbit serum were used to determine the localisation of FHR by
immunofluorescence following the same procedure used for the transferrin receptor (Figure
7B(@). The FHR was clearly localised over the entire cell surface. Two controls for specificity of
antibody binding were performed: first cells were grown in medium supplemented with foetal
bovine serum and second with a no primary antibody control for the cells grown with rabbit
serum to control for cell surface immunoglobulin originating from the growth medium. Neither
control gave a signal (Figure S7%). SIM analysis further provided spatial resolution along with
reconfirming the distribution of the FHR across the trypanosome cell surface and flagellum as well
as within the flagellar pocket (Figure 7C2).

These experiments show that the detection of TfR on the cell surface is part of a general pattern
where GPI-anchored receptors are distributed across the cell body plasma membrane.

Discussion

Any pathogen that has evolved to establish and maintain a long-term infection within a
mammalian host must be able to acquire nutrients as well as be resistant to both the innate and
adaptive immune responses of the host. African trypanosomes have evolved a strategy that is
dependent on variant surface glycoprotein (VSG), a superabundant protein that forms a densely
packed coat on the cell surface. Low frequency switching to a different VSG allows the population
to persist (Mugnier et al., 2015%). The VSG coat appears to prevent antibodies, and possibly innate
immunity factors, gaining immediate access to the plasma membrane (Schwede et al., 2011 ®).
However, such a coat cannot be totally impermeable as trypanosomes require host
macromolecules such as transferrin and haptoglobin-haemoglobin which they acquire through
receptor mediated endocytosis (Lane-Serff et al., 2014 % ; Salmon et al., 1994b (3; Steverding et al.,
1994b @, 1995 @; Trevor et al., 20192 ; Vanhollebeke et al., 2008 ).

Why these receptors do not result in the trypanosomes becoming susceptible to immune
recognition and attack is central to understanding the mechanisms of infection (Banerjee et al.,

invagination of the plasma membrane at the base of the flagellum, and are not accessible to
immune effectors. The idea that sequestration in the flagellar pocket allowed receptors to hide
from host immune effectors was first challenged by the discovery of invariant surface
glycoproteins (ISGs) (Ziegelbauer et al., 19923 ; Ziegelbauer & Overath, 1992 ) that were shown
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Figure 6.

Haptoglobin-haemoglobin endocytosis assay. Initial
binding is to the cell surface followed by rapid endocytosis.

Cells were supplemented with 500 nM Alexa 568 labelled HpHb, incubated for 15 sec, 60 sec or 600 sec and fixed in culture
with 1% formaldehyde. Following washing with PBS containing 1% bovine serum albumin. Cells were visualized under Zeiss
Axio Imager.Z2 with x100 objective. Images in all these experimental time points were captured with same excitation
intensity and exposure time. (A) Images showing the location of HpHb in +/+ and -/- cells at different time points in
representative cells as indicated. Images were processed with ZEN Blue 3.4 software. Scale bar is 5 ym. A greater number of
cells is shown in Supp. Figure 6% . (B) HpHb fluorescence intensity distribution over transverse section of cells at 15 sec
measured using Image) software. Individual cells are shown in different colours.
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Figure 7.

The complement factor H receptor localises to the cell surface.

The observation that abundant FHR expression occurred in cells grown in rabbit serum but not in FBS supplemented medium
was used to investigate its localisation. (A) Western blot analysis of FHR expression in T. brucei EATRO1125 cells grown in
medium supplemented with either foetal bovine serum or rabbit serum. Cell lysates were not treated with PNGaseF and
2x108 cells equivalent were loaded. The blot was probed with rabbit anti-FHR and then overprobed with anti-SCD6 for
loading. (B) Immunofluorescence determination of localisation of FHR in cell lines as indicated. Cells were fixed in culture
with final concentration of 4% formaldehyde and 0.2% glutaraldehyde. Rabbit anti-FHR antibody was followed by donkey anti-
rabbit Alexa 488 secondary antibody. A set of cells grown in RbS, fixed similarly and stained only with secondary antibody was
used as a control for residual rabbit IgG from the growth medium and cells grown in FBS for non-expressers. Cells were
visualized using a Zeiss Axio Imager.Z2 with x100 objective. Scale bar is 5 ym. A larger number of cells is shown in Supp.
Figure 7% (C) Localisation of FHR by 3D structured illumination microscopy. Cells fixed as above were visualised using a
Zeiss Elyra7 with x63 objective. Images were processed with ZEN Blue 3.4 software. Two representative cells images showing
FHR in white and merged panel with DNA in blue. Scale bar is 5 ym.
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to be distributed over the whole cell surface (Macleod et al., 2022 3 ; Ziegelbauer & Overath,

1993 %). Two ISGs were subsequently identified as receptors, one for complement C3 and another
for the Fc region of immunoglobulins (Macleod et al., 2022 &5 ; Mikkelsen et al., 2024 2). Both the
ability to access ligands and the structures of the extracellular domains of both ISGs indicated that
they were unlikely to be physically shielded by the VSG coat. The ISGs are type 1 transmembrane
proteins with a large extracellular domain, a single transmembrane pass and a small cytoplasmic
tail. In contrast, VSGs have two or more GPI-anchors whereas the two characterised nutrient
receptors have a single GPI-anchor. Could this difference in GPI-anchor number result in selective
retention of nutrient receptors in the flagellar pocket (Tiengwe et al., 2017() as it is difficult to

envisage a requirement for any amino acid sequence motifs in the context of variation of VSGs.

Here, we have investigated the distribution of GPI-anchored receptors on the cell surface of
mammalian infective Trypanosoma brucei. The main findings are: (1) The majority of TfRs
encoded in the genome have a single GPI-anchor but there is at least one with two GPI-anchors. (2)
The single anchored TfRs probably arose from loss of one anchor as opposed to gain in the double
anchored version. The loss of the GPI-anchor from ESAG7 may provide a selective advantage
possibly reducing exposure to the host adaptive immune system without affecting transferrin
acquisition (Trevor et al., 2019@). (3) The steady state level of TfR varies with the identity of the
transcribed BES. (4) Single or double anchored TfRs bind transferrin, as previously reported
(Tiengwe et al., 2017 %) and result in similar kinetics of transferrin uptake, with movement from
the cell surface to the endosome occurring within two minutes. The rapid kinetics of uptake
indicates the receptor ligand complex is probably subject to the same hydrodynamic forces as
antibody VSG complexes (Engstler et al., 2007 @) resulting in a directional movement towards the
posterior end of the cell, the location of the flagellar pocket and endocytosis. (5) Adding a second
GPI-anchor to a TfR resulted in a ~1.5-fold increase in cellular receptor levels. (6) Both single and
double GPI-anchored TfRs are present over the whole cell surface as seen by both transferrin and
antibody binding. (7) Two other GPI-anchored receptors, the HpHbR and FHR, both probably with
a single GPI-anchor, are present over the whole cell surface.

The earlier findings that the TfR, and subsequently the HpHDbR, are localised to the flagellar pocket
is an attractive model as it provided an easy explanation for why the receptors did not result in
immune attack. The experiments presented here do not agree with this model and it is worth
discussing the reasons why these experimental differences have arisen. Here the cells were fixed
in culture using formaldehyde and a higher concentration (0.2%) of glutaraldehyde than in
previous reports. In contrast, much of the previous work involved manipulations of the
trypanosomes before determining either transferrin binding or TfR/HpHDR localisation by
immunofluorescence. The most common is centrifugation and washing prior to fixation for
immunofluorescence (Engstler et al., 2004 3 ; Roggy & Bangs, 19992 ; Tiengwe et al., 2017 (%;
Vanhollebeke et al., 2008 @), a process that is slow when compared to the very rapid endocytosis
of surface bound transferrin (Figure 3(%2) and providing time for the ligand bound receptors to be
cleared from the cell surface. This would be even more apparent if the experimental manipulation
reduced the export of new or recycled TfRs to the cell surface. An example of how protocols
determine outcomes is the variation in the measured half-life of TfR, which ranges from ~40 min
to 7 hrs depending on the different experimental protocols used (Biebinger et al., 2003 ; Kabiri &
Steverding, 20002 ; Mussmann et al., 2004 (2 ; Tiengwe et al., 2017%).

The experiments involving transferring BES1-VSG221 cells to medium in which FBS had been
replaced by canine serum (Mussmann et al., 2003 @) are informative. The BES1 TfR does not bind
canine transferrin and cell proliferation arrested. After ~5 days, proliferating cells appeared in
the culture having switched BES and thus TfR orthologue to one able to bind canine transferrin
(van Luenen et al., 2005 ). In addition, supplementing the canine serum based medium with
bovine transferrin prevented arrest of proliferation indicating that it was due to lack of
transferrin alone (Mussmann et al., 2004 2). In contrast to experiments that wash cells into
solutions that do not support growth, the transfer of BES1-VSG221 cells to medium with canine
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serum starves the cells of just transferrin. On transfer from FBS to canine serum, the TfR
abundance increased 4 to 5-fold and the receptor was present all over the cell surface (Mussmann

system being overwhelmed given the variation in TfR expression observed from different BESs
(Figure 12) but is due to an absence of ligand-mediated uptake. Different TfRs have a wide range
of affinities for transferrins (Kp from as low as 1.4 nM to >5 uM) (Trevor et al., 2019) and there
will be an equilibrium with the relative amounts of TfR on the cell body surface compared with
the flagellar pocket and internal structures that will vary with the identity of the TfR and the
identity and concentration of transferrin.

The experiments here were informed by the kinetics of rapid transferrin uptake (Figure 3@ and
as an unpublished observation in (Mussmann et al., 20042 ) and we did not manipulate the cells
before ligand uptake experiments or prior to fixation for immunolocalization. The result was clear
evidence that TfR is expressed over the whole cell surface and is not restricted to the flagellar
pocket. This was reinforced by the localisation of the HpHbR and FHR, both of which are
monomeric (Lane-Serff et al., 201472 ; Macleod et al., 2020 @), contain a single GPI-anchor, and are
also present over the whole cell surface. We also observed variation in TfR and HpHbR abundance
between individual cells, as has been seen previously for TfR (Duncan et al., 2024 (@; Steverding et
al., 1994b 2), and this suggests sensitivity to the requirements at the individual cell level. Whether
this relates to cell cycle stage or any developmental progression remains to be investigated. The
expression of the TfR is sensitive to the availability of Fe3* with a several fold increases in mRNA
and protein induced by iron chelators (Gilabert Carbajo et al., 2021 ). Growth in medium
dependent on rabbit serum resulted in high levels of expression of the FHR, this could result from
a factor in rabbit serum inducing expression or failure to bind ligand.

The findings here still leave the question of how the trypanosome avoids receptor antibody-based
clearance by the host immune system? Vaccination of mice with ISGs did not result in any
protection (Ziegelbauer & Overath, 1993 (%), this shows that receptors do not have to be
sequestered in the flagellar pocket to avoid the host adaptive immune system. The effective killing
of trypanosomes by antibody-drug conjugates recognising the HpHbR shows that receptors are
accessible (MacGregor et al., 2019(%), as does inhibition of transferrin binding by Fab fragments
(Steverding et al., 1995). It is likely that a combination of processes results in resistance to
receptor antibody-mediated killing: first antibodies have to recognise parts of the receptor that are
accessible in the VSG coat, this will be affected by the structure of the receptor and how much is
occluded by ligand binding, a function of ligand concentrations, host species and receptor Kp,.
Enough antibody has to be present on the cell surface for long enough to elicit a response. Two
factors affect this, first the copy number of the receptor, ISGs are present at 50,000 to 70,000 per
cell (Ziegelbauer et al., 1992(@) (<1% of VSG), TR at a few thousand, but variable (Steverding et al.,

pocket and endocytosis (Engstler et al., 2007 ). In summary, we provide evidence that GPI-
anchored receptors in trypanosomes are not sequestered in the flagellar pocket but are distributed
across the cell body and flagellum surface plasma membrane and this leads to re-evaluation of
how trypanosomes avoid receptor antibody mediated clearance.

Materials and methods

Cell lines

T. brucei Lister427 bloodstream form cell lines were used throughout expressing either VSG221
(MiTat1.2) from BES1, VSG118 (MITat 1.5) from BES3 or VSG224 (MITat 1.3) from BES7. BES7
expressing cells were as described in Hertz-Fowler et al. (Hertz-Fowler et al., 2008 % ) where BES1
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and BES7 were tagged with Puromycin and G418 resistance genes respectively. Cells were
maintained in culture in HMI-11 medium (Hirumi & Hirumi, 1989 ). For ligand-uptake assays and
immunofluorescence cells were harvested in mid-log phase (0.5-1x10° cells/ml). To allow further
modification by (CRISPR)-associated gene 9 (Cas9) gene editing, BES1 and BES7 expressing cell
lines were first modified by transfection with a construct containing Cas9 and T7 RNA polymerase
transgenes (Beneke et al., 2017 ). Antibiotic selection was used when appropriate. The primers
used to generate the cell lines are listed in Supplementary Table 1 (&@.

Constructs for ESAG7 +/- GPI attachment site

Constructs are represented schematically in Figure 2A and described in brief below:

BES7 constructs

The presence of a G418 resistance gene upstream of ESAG7 was utilised to generate the required
constructs from BES7 genomic DNA (Hertz-Fowler et al., 2008(%). A PacI-EcoRI PCR fragment from
the promoter to the G418 resistance gene start was annealed to an EcoRI-Pacl PCR fragment from
the G418 stop codon through to the ESAG7 3’ UTR. The resulting EcoRI site was used to insert a
blasticidin resistance open reading frame. The entire construct was cloned into pGEM-T, allowing
the required cassette to be excised by Pacl for transfection into BES7 cells expressing Cas9,
alongside suitable sgRNAs to target the BES7-ESAG7 region, designed by ChopChop (https://
chopchop.cbu.uib.no/@). This construct contained the endogenous BES7 ESAG7 including its GPI
anchor. To remove the GPI anchor addition sequences and express an ESAG7 similar to those in
the other Lister427 bloodstream expression sites, a SacI-BsrBI fragment was excised and replaced
with the corresponding fragment from BES1 ESAG7. This fragment was generated by RT-PCR from
RNA isolated from BES1 VSG221 cells using standard methods.

BES1 constructs

A similar approach was used to make ESAG7 modifying constructs from BES1 exploiting a
puromycin resistance gene located between the promoter and the ESAG7 gene in the BES1
expression site (Hertz-Fowler et al., 2008 3). PacI-BstEIl and BstEII-Pacl PCR fragments were
generated from genomic DNA, ligated and cloned into pGEM-T. To generate BES1-ESAG7 with a GPI
anchor from the BES1 expression site, the distal SacI-Pacl fragment was replaced by a PCR
fragment encoding SacI-ESAG7 stop codon (blunt end) from BES7-ESAG7 DNA and a BES1-ESAG7 3’
UTR region from the BES1 site corresponding to the BES7-ESAG7 stop codon (blunt end) to Pacl.
Constructs were linearised with Pacl and transfected with sgRNAs targeting the ESAG7 gene in
either BES7 or BES1 and electroporated into BES1 VSG221 cells expressing Cas9. BES7 modified cell
lines were selected with blasticidin and BES1 modified cell lines with puromycin.

Changing the VSG from 224 to 221

BES7-VSG224 expression was switched to VSG221 by transfection of a linearised plasmid fragment
encoding VSG221, flanked by 5’ and 3’ VSG221 intergenic regions and a downstream G418
resistance gene flanked by alpha-beta tubulin intergenic regions. Sequences targeting the 5’ and 3’
UTRs of the endogenous VSG224 gene were generated by PCR from BES7 (TAR153) DNA (a kind gift
of Luisa Figueiredo) and cloned via KpnI/XhoI and Spel/Sacl fragments upstream and downstream
of the VSG221-blasticidin expression cassette. G418 resistant clones were screened for binding to
anti-VSG221 antibody through immunofluorescence assays and confirmed by Western blot
analysis.

Protein gel electrophoresis and Western blotting

Protein samples were prepared and analysed by SDS-PAGE and western blotting following
standard methods. Briefly, cells were harvested by centrifugation, washed in serum-free HMI-9
and resuspended in Protein Sample Buffer (10% glycerol, 2% w/v SDS, 80 mM Tris-HCl pH 6.8), at a
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concentration of 2x10% cells/ml. Immobilon-P membrane (Millipore) was used to retain the
proteins. The primary antibodies used during western blotting are rabbit anti-FHR (Macleod et al.,

antibodies were generated from recombinant E. coli expressed proteins, injected into rabbits by
standard methods (Covalab). Secondary antibodies used were Peroxidase-conjugated AffiniPure
Goat Anti-Rabbit IgG (H+L) (Jackson Immunoresearch) and Alexa Fluor 488-Donkey Anti-Rabbit
IgG (H+L) (Invitrogen). Membranes were blocked in Tris-buffered saline (TBS), 0.1% Tween20, 2%
w/v Marvel dried milk and probed in appropriate dilutions of primary and secondary antibodies.
Washing steps were performed with TBS, 0.1% Tween20 and blots were analysed on a BioRad
ChemiDoc system, ensuring signals remained below saturation limits. Quantitation of transferrin
receptor protein level was performed using Fiji-Image] software (https://imagej.net/software/fiji/ 2),
with background subtraction and comparison with intensity measurements taken from a protein
dilution series from BES7 expressing cells.

Ligand uptake

Bovine holo-transferrin (ThermoFisher) was dialyzed against PBS and labelled with Alexa fluor
568 NHS ester (ThermoFisher) following the manufacturer’s protocol. Canine transferrin was
obtained from Abbexa and loaded with iron using a four-fold molar excess of ammonium iron (III)
sulphate in presence of 5 mM sodium bicarbonate followed by dialysis against 10 mM HEPES pH
7.4, 150 mM NacCl as described previously (Trevor et al., 2019(®). Canine holo-transferrin was then
labelled with Alexa fluor 568 NHS ester (ThermoFisher) as above. The Hp-Hb complex was
purified as described (Lane-Serff et al., 2014 (%) and labelled with Alexa fluor 568 NHS ester
(ThermoFisher) following the manufacturer’s protocol.

Mid log-phase cells (~ 6 x 10° /ml) were supplemented with 500 nM Alexa 568 labelled ligand and
incubated at 37°C. At time points, cells were fixed by the addition of 8% formaldehyde in PBS to a
final concentration 1% and incubated for 5 min. Cells were further washed with PBS plus 1% BSA
and DNA was stained with Hoechst 33258. Slides were prepared and images were captured within
next within the next 30 min using Zeiss Axio Imager.Z2 with X100 objective. Samples in any one
experiment were excited with the same intensity and using the same exposure time. Images were
processed using the ZEN Blue software.

Immunofluorescence localisation and microscopy

T. brucei cells were fixed in culture by the addition of one volume of 8% formaldehyde, 0.4%
glutaraldehyde in PBS for 10 min. After fixation, cells were washed with serum free HMI-9 plus 1%
bovine serum albumin (BSA) twice and immobilized on poly-lysine coated slides for 1 hr.
Immobilized cells were treated with 0.1% triton X-100 (in PBS) for 5 min, washed with PBS and
then incubated with PBS, 1% BSA for 10 min. Cells were incubated with the rabbit anti-TfR (1:50)
or anti-FHR (Macleod et al., 2020®) (1:50) in PBS, 1% BSA for 1 hr, washed three times with PBS
and then with donkey anti-rabbit Alexa488 (1:800) in PBS, 1% BSA for 1 hr. Cells were washed
three times with PBS and the last wash contained 0.1 pg/ml Hoechst 33258 to stain DNA. Cells were
mounted with anti-fade and were visualized under Zeiss Axio Imager.Z2 with X100 objective. In
any one experiment, samples were illuminated with same exposure time, intensity for respective
excitation channels. All immunofluorescence experiments were repeated three to six times with
similar results. The images were processed with ZEN Blue software by adjusting the brightness
and contrast with the same changes being made to all images in any one experiment including the
negative controls.

Measurements of the fluorescence intensity of ligands or receptor antibodies in individual cells
was performed using the ZEN Blue software. Mean fluorescence intensity was measured and
background fluorescence intensity was subtracted. Image] software was used to measure the point
fluorescence intensity of ligands and receptor antibodies by drawing a line perpendicular to the
long axis of the cell, and the distribution profile against the distance was plotted. For 3D structured
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illumination, a Zeiss Elyra7 microscope with X63 objective was used in the Cambridge Advanced
Imaging Centre. Slides were prepared as above and the processing of all images and the 3D
reconstruction were performed with ZEN Blue software only by adjusting the brightness contrast.

Supplementary figures

A

ESAG7 ORFs from ~base 840

BES11
BES2
BES1
BES4
BESS5
BES7
BES13
BES14
BES15
BES12
BES3
BES10
BES17

BES11
BES2
BES1
BES4
BES5
BES7
BES13
BES14
BES15
BES12
BES3
BES10
BES17

BES11
BES2
BES1
BES4
BES5
BES7
BES13
BES14
BES15
BES12
BES3
BES10
BES17

B

TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCAAAGAAGCAAAAAATGCAGTGATGAAGAAAATAAAAACTACTGTGGATGAATTGACTARATGCATAGGGCAGAAAGAGGCTGAGCTC
TTTAAGGATGTCATCCGCCTGTTTGCGCGCTTCC GC. TGCAGTGATGAAT. T. TACTGTGGATGAATTGGCGARATGCATAGGGCAGRARGAGGTTGAGCTC
TTTAAGGATGTCATCCGCCTGTTTGCGCGCTTCC. GC. TGCAGTGATGAAT. TAAAAACTACTGTGGATGAATTGGCGAAATGCATAGGGCAGARAGAGGTTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGCAAAAAATGCAGTGATGAATARAAATAAAAACTACTGTGGATGAATTGGCGARATGCATAGGGCAGAAAGAGGTTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCC C. TGCAGTGATGAAT. T. CTACTGTGGATGAATTGGCGAAATGCATAGGGCAGAAAGAGGTTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGCAARAAATGCAGTGATGACGAAAATAAAAACTACTGTGGATGAATTGACGARAATGCATAGGGCAGAAGGAGGCTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGCAAAAAATGCAGTGATGAGGAGAATAAAAACTACTGTGGATGAATTGACGARAATGTATAGGGAAGAAGGAGGCTGAACTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGGTTCC. GC. TGAAGTGATGAAT. T. TACTGTGGATGAATTGGCGAAATGCATAGGGCAGAAAGAGGTTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGGTTCCAAGAAGCARARAATGCAGTGATGACGAARATAAARACTACTGTGGATGAATTGACGAAATGCATAGGGCAGAAGGAGGCTGAACTC
TTTAAGGATGTCATTCGACTGTTTGCGCGCTTCCAAGAAGCAAAAAATGCAGTGATGAAGARAATAAAAACTACTGTGGATGAATTGACGARATGCATAGGGCAGAAAGAGGCTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGTARAAAATGCAGTGATGARGARRATAAARACTACTGTGGATGAATTGACGAAATGCATAGGGCAGARAGAGGCTGAGCTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGCAARAAATGCAGTGATGAARGAARARATAAAAACTACTGTGGATGAATTGACGAAATGCATAGGGCAGAAGGAGGCTGAACTC
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCC GT. TGCAGTGGTGAAG. T TACTGTGGATGAATTGACG, TGCATAGGGC. TGAGCTC

KK AR AR KK Ak KRARR AR A AR AkE A AFAF KAARAAAE KAAE KAE K KRR AFARAAFARAAFARF KRR FAE * KAARE ARRAFA KAFA FkFA KEkF KEk

ACTAATGATCAGCTTTACGAGGAATTT GAGGCAATA: AAAAGTATCTAGG-— —-TTTTGGTAAAATGGAGTAAAAGC-
ACTAATGATCAGCTTTACGAGGAATTC GAGGCAATA. AAAAGTACCTAGGG- TCTCTGTGAAATGGAGTAAAAGC:
ACTAATGATCAGCTTTACGAAGAATTC GAGGCAATA: ARAAGTACCTAGGG— TCTCTGTGAAATGGAGTAAAGGC
ACTAATGATCAGCTTTACGAGGRATTC G. AATA. AAAAGTACCTAGGG- —-TCTCTGTGAAATGGAGTAAAAGC-

ACTAATGATCAGCTTTACGAGGRATTC GAGGCAATA AAAAGTACCTAGGG------—-—~ TCTCTGTGAAATGGAGTAARAGC-——-~'
ACTAATGATCAGCTTTACGAGGAATTTATCTGGGAGACCATAAACAGATTGGAGCTGTCAAAGAGAGTGAGTGAACAACCCTCTTTAGGTGAAGAAGAGGAGACGATCCTGAARATCTAAC

ACTAATGATCAGATTTACGAGGAATTC GAGGCAATA- CAAAAGTATCTAGGG— TTTCTGTGAAATGGAGTAARAGC
ACTGATGATCAGCTTTACGAGGAATTC GAGGCAATA. AAAAGTATCTAGGG- TTTCTGTGAAATGAAGTAAAAGC:
ACTAATGATCAGATTTACGAGGAATTC GAGGCAATA: ARAAGTATCTAGGG— ~TTTCTGTGAAATGGAGTAARAGC—
ACTAATGATCAGCTTTACGAGGARATTT G. AATA AAAAGTATCTAGGG-

ACTAATGATCAGCTTTACGAGGRATTT GAGGCAATA- AAAAGTATCTATGG-

ACTAATGATCAGATTTACGAGGAATTC GAGGCAATA:- CAAAAGTATCTAGGG—

ACTAATGATCAGCTTTACGAGGAATTT GAGGTAATA- AAAAGTATCTATGG—

dkk ok kAR Ak Kk kAkkAkkE KkkAK ko ok dk ok k * *

TATACTGTAGAGCCTGTCTGGGGACCTTTCACGGGAGCGGGGTCCAACGCGGCAGCAATACATTCGAGTGTATCTACCGCTGCACTCTGTTGTTCAGTTTTATTGTTTGGAGTGCTGTGA
TATACTGCAGAACCGGTCCGGGGACATTTCACGGGAGCGGGGTCCAACGCGGCAGCAGTACATTTGAGTGT TTCTACCGCTGCACTTTGTTTTTCAGTTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCGGTCCGTGGACCTTTCACGGTAGCGGGGTCCAACACAGTAGCAGTACATTTGAGTGT TTCTACCGCTGCACTTTGTTTTTCAGTTTTATTGT TGGGAGTGCTGTGA
TATACTGCAGAACCGGTCCGGGGACATTTCACGGGAGCGGGGTCCAACGCGGCAGCAGTACATTTGAGTGT TTCTACCGCTGCACTTTGTTTTTCAGCTT TATTGT TGGGAGTGCTGTGA
TATACTGCAGAACCGGTCCGGGGACATTTCACGGGAGCGGGGTCCAACGCGGCAGCAGTACATTTGAGTGTTTCTACCGCTGCACTTTGTTTTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCTGTCCGTGGACCTTTCACGGGAGCGGGGGCCAACACAGTAGCAGTACAGTCGAGTGTTTCTACCGCTGCACTTTGTTGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGTAGRACCTGTCCGTGGACCTTTCACGGGAGCGGGGTCCAACACAGTAGCAGTACAT TTGAGTGTTTCTACCGCTGCACTCTGTTGTTTAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCTGTCCGTGGACCTTTCACGGGAGCGGGGTCCAACACAGTAGCAGTACATTTGAGTGT TTCTACCGCTGCACTTTGTCGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCTGTCCGTGGACCTTTCACGGGAGCGGGGTCCAACACAGTAGCAGTACAGTCGAGTGTTTCTACCGCTGCACTTTGTTGTTCAGTTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCTGTCCGTGGACCTTTCACTGGAGCGGGGGCCAATGCGGCAGCAATACATTTGAGTGTTTCTACCGCTGCACTTTGTTGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAGCCTGTCCGTGGACCTTTAACGGGAGCGGGGGCCAACGCGGCAGCAATACAT TTGAGTGTTTCTACCGCTGCACTTTGTCGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAGCCTGTCCGTGGACCTTTAACGGGAGCGGGGGCCAACGCGGCAGCAATACATTTGAGTGT TTCTACCGCTGCACTTTGTCGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAGCCTGTCCGTGGACCTTTCACGGTAGCGGGGGCCAACGCGGCAGCAATACAT TTGAGTGTTTCTACCGCTGCACTTTGTCGTTCAGCTTTATTGTTGGGAGTGCTGTGA
Kkkk K

Kk kkkkh Kk Kk kxk Kk kKK xkk Kk Kk KkAkkAK KAk Kk Kkxk Ak kkk KKKk K KKK KX KKK KKK Kk hk KAk RKKIA KkxA KK KF Kkk

Comparison of ESAG7 from BES1l and BES7

BES7
BES1
Fl

BES7T
BES1
Fl

BES7T
BES1
F1

F K DV IRILU FARY FOQEAIKNDNAVMTIZ KTII KTTVDETLTIE KT CTIGOQZKEA ATETL
TTTAAGGATGTCATTCGCCTGTTTGCGCGCTTCCAAGAAGCAARAAATGCAGTGATGACGARAATARAAACTACTGTGGATGAATTGACG TGCATAGGGCAGARAGGAGGCTGAGCTC
TTTAAGGATGTCATCCGCCTGTTTGCGCGCTTCCAAGAAGCAAAAAATGCAGTGATGAATAAAATAAAAACTACTGTGGATGAATTGGCGAAATGCATAGGGCAGARAGAGGTTGAGCTC
F XK DVIZRILU FARYEFOQEAIKNDNAVMNIZ KTIZ KTTV D ETLA AZE KTCTIGOQZKEVEL

T N D QL Y EEF I WETTIWNU RTILETLS KU RV S EOQQ?P S L GEZEZEZETTITLK S N
ACTAATGATCAGCTTTACGAGGAATTTATCTGGGAGACCATAAACAGATTGGAGCTGTCAAAGAGAGTGAGTGAACAACCCTCTTTAGGTGAAGAAGAGGAGACGATCCTGAARATCTAAC
ACTAATGATCAGCTTTACGAAGAATTC AGGCAAT AAAAGTACCTAGGG-------~' TCTCTGTGAAATGGAGTAAAGGC-—----! GAATTC-AAC
T N D Q L Y E E F E A I Q K Y L G 8 L =k N

Yy T AEPVRG?P?PVFTGAGANTV VAV QSSsSVSTA AATLTCT CSHATLTZLTILTSGUVIL *
TATACTGCAGAACCTGTCCGTGGACCTTTCACGGGAGCGGGGGCCARCACAGTAGCAGTACAGTCGAGTGTTTCTACCGCTGCACTTTGTTGTTCAGCTTTATTGTTGGGAGTGCTGTGA
TATACTGCAGAACCGGTCCGTGGACCTTTCACGGTAGCGGGGTCCAACACAGTAGCAGTACATTTGAGTGTTTCTACCGCTGCACTTTGTTTTTCAGTTTTATTGT TGGGAGTGCTGTGA
Yy T A E PV RGP FTVAGSNT VAV HLSVSTAALTCU FS VL LILG GV L *

Supp Figure 1.

Relationship between ESAG7 variants.

A. Clustal W alignment of the nucleotide sequences of ESAG7s showing the translation termination codon in red. The

sequence for GPI-addition is present in all genes but a series of small deletions between nucleotides 980 and 1080

resulted in a frame shift and a new stop codon that effectively removed the C-terminal ~50 residues from the open

reading frame. B. Same alignment but just including ESAG7 from BES1 and BES7 showing the conservation of the

coding potential to the 3’ side of the stop codon in BES1 ESAG7 indicating the shorter ESAG7 genes probably arose

from a longer BES7-like variant. Functional stop codons are in red.
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BES7-6
BES7-7

BEST=6.
BES7-7

BES7-6
BES7-7

BES7-6
BES7-7

BES7-6
BES7-7

MMREFWEVLLALLGKETY--AYENERNALNATAANKVCGLSTYLKGIAHRVNSESAVVTEK
-MRFLFVLLALLGKETHANYYENERNALNATAANKVCALSTYLKGIAHRVNSESAVVTEK

KKKk khkkkkhkkhkkhkkhkkkKk o EREEE SRS RS S S SRR RS SRS R E R R R R R R

LSDLKMRSIQLQLSVMRNRVPSGEKDCKDIRTLLKTVLRNEFTFQQELEEMRSASALAAA
LSDLKMRSIQLQLSIMRNRVPSGEKDCKDIRTLLKTVLRNEFTFQQELEEVRNASALAAA

Fhkrhkhkhkhkkkkhkhkhkhhoedhkhkhhkhhhhhhhkrrrhkhkhkhkhhhhhhkhrrrhkhkhkhkhkh ek *Fhrhkkk

AAGLAAGRLEEWIFVFAQAADGSSQFCISVGKTIPAEHGDLQECFDGKIGPETLYKIEDS
AAGLAAGRLEEWIFVFAQAGGRSSQFCISTGKTGPAEYNNLQECFDGTIGPETLYKIEDS

R i i i *hkkkkkk Khhkk Khkko LR S i i i

RVKESAQKSLQLHEVLSSISFGSLGVKNIVEKGENRGCNLMRTADEGLLKDVC—-LNRNET
RVKESAKTRLLLHEVLSSISFSSLGAENIRGGNGKDGCNLVRTDNNGILKGGSPTRHNLT

* kK Kk kK o * kkkkkkhkkhkkhkkk *hkk kK KhkhkKkoekk ook kK ok o Kk

WGGGVLNFGYCVAGNLKIKGGEYGDVSSYDAVRWTEDPSKVSIFKDVIRLFARFQEAKNA
WGGGVMNFGSYQNGSMYVEGGEYGDATEYGAVRWTEDPSKVSIFKDVIRLFARFQEAKNA

*kkKkk o kkk * . sekkkhkhkhk o Kk khkhkhkkhkhkAhhk A A A A dkdkkhkhhhhk kA A rrhrkkkx

VMTKIKTTVDELTKCIGOKEAELTNDQLYEEFIWETINRLELSKRVSEQPSLGEEEETIL
VMTKIKTTVDELTKCIGQKEAELTNDQLYEEFIWETINRLELSKRVSEQPSLGEEEETIL

dhkhkhkhkhkhhhhhhkhhhrhhkhhhdhhkhhkhdhrkhkhkhkhhkhhkhhkhhkhhkhhkhkkhkhkkkxkxkhxk

399
401

KSNYTAEPVRGPFTGAGANTVAVQSSVSTAALCCSALLLGVL
KSNYTAEPVRGPFTGAGANTVAVQSSVSTAALCCSALLLGVL

LR RS RS S S SRR SRR R R EEEE S SRR R EEEEEEEEEEEEE

# NetGPI 1.1 Timestamp: 20240925160446

# ID Seg-length Pred. GPI-Anchored Omega-site pos.

Sequence 389 GPI-Anchored 372 0.438
ESAG6

# SignalP-6.0 Organism: Eukarya Timestamp: 20250215202022

# ID Prediction OTHER SP(Sec/SPI) CS Position

Sequence SP 0.000369 0.999614 CEmEeOSENRINESRS . Pr: 0.9774
ESAG7

# SignalP-6.0 Organism: Eukarya Timestamp: 20250215202326

# ID Prediction OTHER SP(Sec/SPI) CS Position

Sequence 8P 0.000332 0.999656 EENEEEENE=EE. Pr: 0.9760

Supp Figure 2.

Relationship between ESAG 6 and 7.
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Likelihood Amino-acid

G

Clustal W alignment of BES7 ESAG6 and 7 nascent polypeptide sequences. Predicted processing sites are indicated by

yellow highlighting. The N-terminal signal sequence cleavage site was predicted using SignalP 6.0 and GPI-anchor

addition sites by NetGPI 1.1 as detailed below the alignment.
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Supp Figure 3.
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@

Transferrin endocytosis is rapid, in both single and double GPI-anchored cells.
Initial binding is to the cell surface and internalization is detected within 60 sec.

Larger fields of cells from the experiments shown in Figure 3 (2. Scale bar is 20 pm.
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LKk akkkkkkak kkk kkakk kkg  akk kkkkkkkkskkggpkkkkk  kkkkkk
cow TLDGGLVYEAGLKPNNLKPVVAEFHGTKDNPQTHYYAVAVVKKDTDFKLNELRGKKSCHT
dog TLDAGLVFEAGLNPYNLKPVVAEFYGKD——KQTRYYAVAVVKKSSTFNLNQLQGKKSCHT
. . dpk kkkkkkkkkgk Kk g kkkkkkkkk 3 kg ok kkkk
cow GLGRSAGWNIPMGKLYKELPDPQESTQRAAANFFSASCVPCADQSSFPKLCQLCAGKGTD
dog GLGRSAGWNIPMGLLYWKLPEPRESLQKAASSFFTASCVPCVDRTAFPKLCQLCVGKGTD
HEARKARKR KKK Ak ghkgkghkgRghhkg kg LRpgakkkRERRRE  KkkAK
cow KCACSNHEPYFGYSGAFKCLMEGAGDVAFVKHSTVFDNLPNPEDRKNYELLCGDNTRKSV
dog KCACSNHEPYFGYSGAFKCLMEDAGEVAFVKHSTVLENLPNKADLDQYELLCPDNKRKPV
Kok kR ok kR kK kk KRk kkkkhk kkghkkhkkhkkgphhkk K _gRREKK Kk Kk K
cow DNYQECYLAMVPSHAVVARTVGGKEDVIWELLNHAQEHFGKDKPDNFQLFQSPHGKDLLF
dog GEYKQCYLAKVPSHAVVARSVGGKEDLIWELLNQAQEHYGKDKSKVFQLFSSTLGKDLLF
Kok Kkkkkkkkok gk kR kkk g Kk kkkk s Kk kK 3 kK . . T
cow KDSADGFLKIPSKMDFELYLGYEYVTALONLRESKPPDSSKDECM-VKWCAIGHQERTKC
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Kkkk gk Kk Rk Rk kKK kkokk g kkkk | s Kkkkkgkkgk g
cow DRWSGFSGGAIECETAENTEECIAKIMKGEADAMSLDGGYLYIAGKCGLVPVLAENYKTE
dog DEWSVNSEGKIECESAESTEDCIAKIAKGEADAMSLDGGYIYIAGQCGLVPVLAENYKTQ
. Kphk Kk gRAKKE KRkkRkRR KRRk g KRRk Rk RR KRR AR KA KK
cow DGSCKNTPEKGYLAVAVVKTSDANINWNNLKGKKSCHTAVDRTAGWNIPMGLLYSKINNC
dog GSTCSNTAEEGYLAVAVVKELDKTISWNNLOGRKSCHTAVDRTAGWNIPMGLLYNRINHC
LIk KK kpkkkkkkkkk kK kkkkgkgkARkAkkkRR kR ARKRKRKK g HKk gk
cow KFDEFFSAGCAPGSPRNSSLCALCIGSEKGTGKECVPNSNERYYGYTGAFRCLVEKGDVA
dog EFDKFFSQGCAPGSMRNSSLCALCIGSANVPGKECVPNNHERYYGYTGAFRCLVEKGDVA
sHky KRk kKKK KRKEKKEK g Hkkkk | g kR Rk Rk Rk kR kK
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KK KHK KKK Kk skkokgkks koK, LE KRR KKK KK
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Supp Figure 4.

T. brucei BES7 VSG221 1- and 2-GPI transferrin receptor does not bind canine transferrin.

(A) Clustal W alignment of the polypeptide sequences of cow and dog transferrin. (B) Cultures were supplemented with 500
nM Alexa568 labelled canine holo-transferrin and incubated for 60 sec and fixed in culture by addition of formaldehyde to 1%.
Following washing with PBS containing 1% bovine serum albumin cells were visualized under Zeiss Axio Imager.Z2 with x100
objective. Images for both BES7 VSG221 1- and 2-GPI TfR cells were captured with same intensity of excitation and exposure
time. Images showing the absence of any bound or endocytosed canine transferrin in around forty cells in population of both

BES7 VSG221 TfR-1GPI BES7 VS§G221 TfR-2GPI

T DIC Tf DNA T DIC Tf DNA

1- and 2GPI TfR cells. Scale bar is 20 um. Images were processed ZEN Blue 3.4 software.
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.

Larger fields of cells from the experiments shown in Figure 4 ™. Scale bar is 20 pm.

BES1

Supp Figure 5.

Immunofluorescence localisation of single and double GPI-
anchored transferrin receptors to the entire plasma membrane.
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Supp Figure 6.

Haptoglobin-haemoglobin endocytosis assay. Initial
binding is to the cell surface followed by rapid endocytosis.

Larger fields of cells from the experiments shown in Figure 6 (2. Scale bar is 20 pm.

Sourav Banerjee et al., 2025 eLife. https://doi.org/10.7554/eLife.107191.1 24 of 35


https://doi.org/10.7554/eLife.107191.1
https://doi.org/10.7554/eLife.107191.1
https://prod--epp.elifesciences.org/api/files/#fig6

DNADIC

RbS

RbS no primary

FBS

Supp Figure 7.

The complement factor H receptor localises to the cell surface.

Larger fields of cells from the experiments shown in Figure 7B . Scale bar is 20 pm.
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Reviewer #1 (Public review):
Summary:

An interesting manuscript from the Carrington lab is presented investigating the behavior of
single vs double GPI-anchored nutrient receptors in bloodstream form (BSF) T. brucei. These
include the transferrin receptor (TfR), the HpHb receptor (HpHbR), and the factor H receptor
(FHR). The central question is why these critical proteins are not targeted by host-acquired
immunity. It has generally been thought that they are sequestered in the flagellar pocket (FP),
where they are subject to rapid endocytosis - any Ab:receptor complexes would be rapidly
removed from the cell surface. This manuscript challenges that assumption by showing that
these receptors can be found all over the outer cell body and flagella surfaces, if one looks in
an appropriate manner (rapid direct fixation in culture media).

The main part of the manuscript focuses on TR, typically a GPI1 heterodimer of very similar
E6 (GPI anchored) and E7 (truncated, no GPI) subunits. These are expressed coordinately
from 15 telomeric expression sites (BES), of which only one can be transcribed at a time. The
authors identify a native E6:E7 pair in BES7 in which E7 is not truncated and therefore forms
a GPI2 heterodimer. By in situ genetic manipulation, they generate two different sets of
GPI1:GPI2 TfR combinations expressed from two different BESs (BES1 and BES7).
Comparative analyses of these receptors form the bulk of the data.

The main findings are:

(1) Both GPI1 and GPI2 TfR can be found on the cell body/flagellar surface. (2) Both are
functional for Tf binding and uptake. (3) GPI2 TfR is expressed at ~1.5x relative to GPI1 TfR.
(4) Ultimate TfR expression level (protein) is dependent on the BES from which it is
expressed.
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Most of these results are quite reasonably explained in light of the hydrodynamic flow model
of the Engstler lab and the GPI valence model of the Bangs lab. Additional experiments, again
by rapid fixation, with HpHbR and FHR, show that these GPI1 receptors can also be seen on
the cell surface, in contrast to published localizations.

It is quite interesting that the authors have identified a native GPI2 TfR. However, essentially
all of the data with GPI2 TfR are confirmatory for the prior, more detailed studies of Tiengwe
et al. (2017). That said, the suggestion that GPI2 was the ancestral state makes good
evolutionary sense, and begs the question of why trypanosomes prefer GPI1 TfR in 14 of 15
ESs (i.e., what is the selection pressure?).

Strengths and weaknesses:

(1) BES7 TfR subunit genes (BES7_Tb427v10): There are actually three (in order 5'-3"): E7gpi,
E6.1 and E6.2. E6.1 and E6.2 have a single nucleotide difference. This raises the issue of
coordinate expression. If overall levels of E6 (2 genes) are not down-regulated to match E7 (1
gene), this will result in a 2x excess of E6 subunits. The most likely fate of these is the
formation of non-functional GPI2 homodimers on the cell surface, as shown in Tiengwe et al.
(2017), which will contribute to the elevated TfR expression seen in BES7.

(2) Surface binding studies: This is the most puzzling aspect of the entire manuscript. That
surface GPI2 TfR should be functional for Tf binding and uptake is not surprising, as this has
already been shown by Tiengwe et al. (2017), but the methodology for this assay raises
important questions. First, labeled Tf is added at 500 nM to live cells in complete media
containing 2.5 uM unlabeled Tf - a 5x excess. It is difficult to see how significant binding of
labeled TfR could occur in as little as 15 seconds under these conditions. Second, Tiengwe et
al. (2017) found that trypanosomes taken directly from culture could not bind labeled Tf in
direct surface labeling experiments. To achieve binding, it was necessary to first culture cells
in serum-free media for a sufficient time to allow new unligated TfR to be synthesized and
transported to the surface. This result suggests that essentially all surface TfR is normally
ligated and unavailable to the added probe. Third, the authors have themselves argued
previously, based on binding affinities, that all surface-exposed TfR is likely ligated in a
natural setting (DOI: 10.1002/bies.202400053). Could the observed binding actually be non-
specific due to the high levels of fixative used?

(3) Variable TfR expression in different BESs: It appears that native TfR is expressed at higher
levels from BES7 compared to BES1, and even more so when compared to BES3. This raises
the possibility that the anti-TfR used in these experiments has differential reactivity with the
three sets of TfRs. The authors discount this possibility due to the overall high sequence
similarities of E6s and E7s from the various ESs. However, their own analyses show that the
BES1, BES3, and BES7 TfRs are relatively distal to each other in the phylogenetic trees, and
this Reviewer strongly suspects that the apparent difference in expression is due to
differential reactivity with the anti-TfR used in this work. In the grand scheme, this is a minor
issue that does not impact the other major conclusions concerning TfR localization and
function, nor the behavior of HpHbR and FHR. However, the authors make very strong
conclusions about the role of BESs in TfR expression levels, even claiming that it is the
'‘dominant determinant’ (line 189).

(4) Surface immuno-localization of receptors: These experiments are compelling and useful to
the field. To explain the difference with essentially all prior studies, the authors suggest that
typical fixation procedures allow for clearance of receptor:ligand complexes by
hydrodynamic flow due to extended manipulation prior to fixation (washing steps). Despite
the fact that these protocols typically involve ice-cold physiological buffers that minimize
membrane mobility, this is a reasonable possibility. Have the authors challenged their
hypothesis by testing more typical protocols themselves? Other contributing factors that
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could play a role are the use of deconvolution, which tends to minimize weak signals, and
also the fact that investigators tend to discount weak surface signals as background relative
to stronger internal signals.

(5) Shedding: A central aspect of the GPI valence model (Schwartz et al., 2005, Tiengwe et al.,
2017) is that GPI1 reporters that reach the cell body surface are shed into the media because a
single dimyristoylglycerol-containing GPI anchor does not stably associate with biological
membranes. As the authors point out, this is a major factor contributing to higher steady-
state levels of cell-associated GPI2 TfR relative to GPI1 TfR. Those studies also found that the
size/complexity of the attached protein correlated inversely with shedding, suggesting exit
from the flagellar pocket as a restricting factor in cell body surface localization. The amount
of newly synthesized TfR shed into the media was ~5%, indicating that very little actually
exits the FP to the outer surface. In this regard, is it possible to know the overall ratio of cell
surface:FP:endosomal localized receptors? Could these data not be "harvested' from the 3D
structural illumination imaging?

https://doi.org/10.7554/eLife.107191.1.sa1

Reviewer #2 (Public review):

The work has significant implications for understanding immune evasion and nutrient
uptake mechanisms in trypanosomes.

While the experimental rigor is commendable, revisions are needed to clarify methodological
limitations and to broaden the discussion of functional consequences.

The authors argue that prior studies missed surface-localized TfR due to harsh
washing/fixation (e.g., methanol). While this is plausible, additional evidence would
strengthen the claim.

It remains unclear how centrifugation steps of various lengths (as in previous publications)
can equally and quantitatively redistribute TfR into the flagellar pocket. If this were the case,
it should be straightforward for the authors to test this experimentally.

If TfR is distributed over the cell surface, live-cell imaging with fluorescent transferrin should
be performed as a control. Modern detection limits now reach the single-molecule level, and
transient immobilization of live trypanosomes has been established, which would exclude
hydrodynamic surface clearance as a confounding factor.

In most images, TfR is not evenly distributed on the surface but rather appears punctate.
Could this reflect localization to membrane domains? Immuno-EM with high-pressure frozen
parasites could resolve this question and is relatively straightforward.

The authors might consider discussing whether differences in parasite life cycle stages
(procyclic versus bloodstream forms) or culture conditions (e.g., cell density) affect
localization. The developmentally regulated retention of GPI-anchored procyclin in the
flagellar pocket might be worth mentioning.

https://doi.org/10.7554/eLife.107191.1.sa0

Author response:

We would like to thank the reviewers. They have raised some points that we will address in a
revised manuscript.
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