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Abstract

The extracellular bloodstream form parasite Trypanosoma brucei is supremely adapted to

escape the host innate and adaptive immune system. Evasion is mediated through an anti-

genically variable Variant Surface Glycoprotein (VSG) coat, which is recycled at extraordi-

narily high rates. Blocking VSG synthesis triggers a precytokinesis arrest where stalled cells

persist for days in vitro with superficially intact VSG coats, but are rapidly cleared within

hours in mice. We therefore investigated the role of VSG synthesis in trypanosome phago-

cytosis by activated mouse macrophages. T. brucei normally effectively evades macro-

phages, and induction of VSG RNAi resulted in little change in phagocytosis of the arrested

cells. Halting VSG synthesis resulted in stalled cells which swam directionally rather than

tumbling, with a significant increase in swim velocity. This is possibly a consequence of

increased rigidity of the cells due to a restricted surface coat in the absence of VSG synthe-

sis. However if VSG RNAi was induced in the presence of anti-VSG221 antibodies, phago-

cytosis increased significantly. Blocking VSG synthesis resulted in reduced clearance of

anti-VSG antibodies from the trypanosome surface, possibly as a consequence of the

changed motility. This was particularly marked in cells in the G2/ M cell cycle stage, where

the half-life of anti-VSG antibody increased from 39.3 ± 4.2 seconds to 99.2 ± 15.9 seconds

after induction of VSG RNAi. The rates of internalisation of bulk surface VSG, or endocytic

markers like transferrin, tomato lectin or dextran were not significantly affected by the VSG

synthesis block. Efficient elimination of anti-VSG-antibody complexes from the trypanosome

cell surface is therefore essential for trypanosome evasion of macrophages. These experi-

ments highlight the essentiality of high rates of VSG recycling for the rapid removal of host

opsonins from the parasite surface, and identify this process as a key parasite virulence fac-

tor during a chronic infection.
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Author Summary

Bloodstream form African trypanosomes infect the mammalian bloodstream as extracel-

lular parasites, where they excel at escaping the immune system including elimination by

macrophages. Key for survival is a dense Variant Surface Glycoprotein (VSG) coat which

is antigenically varied, and which is recycled from the cell surface at very high rates. VSG

is essential, and blocking its synthesis produces cells which do not grow, but persist for

days. Here, we investigated the role of the VSG coat in trypanosome escape from macro-

phages. Arresting VSG synthesis resulted in trypanosomes with changed motility, which

were not phagocytosed at higher rates. However, phagocytosis was dramatically increased

if a VSG synthesis block was induced before the trypanosomes were coated with anti-VSG

antibodies. Pre-treatment with host complement had a more moderate effect on phagocy-

tosis. We showed that the arrested cells had reduced rates of clearance of anti-VSG anti-

body from their surface, making them a target for recognition by macrophages. These

experiments highlight the critical importance of high rates of VSG internalisation for the

rapid removal of host immune molecules including antibodies and complement from the

trypanosome cell surface. This allows trypanosomes to effectively evade macrophages dur-

ing a chronic infection.

Introduction

The African trypanosome Trypanosoma brucei is a unicellular parasite uniquely adapted to

parasitize the mammalian bloodstream after inoculation by tsetse flies. Here, T. brucei estab-

lishes chronic infections leading to devastating diseases such as Human African Trypanosomi-

asis (HAT) or ‘nagana’ in livestock. T. brucei can also infect a broad range of African

mammals, which tolerate low grades of trypanosome infection and serve as reservoirs for dis-

ease [1, 2]. Within the blood, as an extracellular pathogen T. brucei is confronted with continu-

ous attack from the innate and adaptive arms of the host immune system. These include the

complement system, antibodies and phagocytic cells such as macrophages. An essential try-

panosome survival feature within this hostile environment, is a protective coat of Variant Sur-

face Glycoprotein (VSG) [3, 4].

VSG is key for evasion of the adaptive immune response, and extraordinarily sophisticated

antigenic variation of VSG allows the trypanosome to switch stochastically between different

VSG variants during the course of a chronic infection. Individual trypanosomes express one

VSG out of a vast repertoire of up to 2000 VSG genes and pseudogenes from one of about 15

telomeric VSG expression site (ES) transcription units [5, 6]. Switching the active VSG can

involve transcriptional switching between different ESs, or DNA rearrangements slotting new

VSGs (or VSG segments) into the active ES [7, 8]. In addition to its role in immune evasion

through VSG switching, the very dense VSG surface presumably prevents the host comple-

ment system from rapidly forming lytic pores in the parasite in the form of membrane attack

complexes (MAC).

VSG therefore forms a protective barrier with highly intriguing properties. VSG is the most

abundant protein in bloodstream form T. brucei (~107 molecules) and the VSG coat is an

extremely dense layer of tightly packed VSG molecules [4, 9, 10]. The VSG coat has been mod-

elled with VSG approaching maximal densities [11]. However, it is still unclear whether VSG

is indeed normally fully saturated at the cell surface [12].

VSG is essential even in vitro, and blocking its synthesis does not lead to a major reduction

in VSG coat density [13]. Instead, a unique cell cycle checkpoint is triggered, leading to
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trypanosomes which have stalled at a precise precytokinesis stage. Concurrently, a global

translation arrest is induced, resulting in stalled cells which do not grow, again preventing cat-

astrophic dilution of the protective VSG surface [14]. Despite its dense nature, the VSG layer

forms a semi-permeable barrier blocking deposition of host complement proteins and anti-

bodies on the trypanosome surface membrane [9, 15–17], yet allowing smaller nutrient mole-

cules to reach surface receptors [18]. As VSG proteins are attached to the cell surface through

glycosylphosphatidylinositol (GPI) anchors, VSG molecules can move freely on the cell surface

forming an unusually fluid protective surface [19].

This highly fluid nature of the VSG surface coat facilitates another unusual T. brucei feature,

and that is extremely high rates of VSG recycling [20]. Trypanosomes compartmentalise endo-

cytosis and exocytosis to a specialised invagination at the base of the flagellum known as the

flagellar pocket [18, 21]. T. brucei has spectacularly high rates of recycling of VSG, and it is esti-

mated that the entire surface complement of VSG is internalised once every 12 minutes [20].

Within the cell, a stringent quality control mechanism monitors which VSGs are returned

back to the cell surface. Defective VSGs (and presumably VSGs with covalently bound comple-

ment proteins) are targeted for degradation [22]. Internalised VSG-antibody complexes are

also prevented from returning back to the cell surface [23].

This high rate of VSG recycling in addition to quality control mechanisms, are key trypano-

some virulence factors allowing trypanosomes to multiply unimpeded in increasing titres of

anti-VSG antibody [17, 24]. It is only when anti-VSG titres rise above a critical level that recog-

nised trypanosomes are overwhelmed, and parasites expressing the predominant VSG variant

are exterminated. These extraordinarily high rates of VSG recycling therefore function as an

unusual ‘coat-cleaning’ machine, resulting in the rapid removal of lethal immune complexes

from the cell surface [24]. Motility of the trypanosome appears to facilitate this removal. The

swimming trypanosome is thought to generate hydrodynamic forces, which preferentially

push VSG-antibody complexes back through the VSG layer towards the flagellar pocket where

they are endocytosed [24].

In addition to evading complement and antibodies, bloodstream form African trypano-

somes must evade phagocytes including macrophages [25, 26]. Although some aspects sur-

rounding the immunology of macrophage activation during a T. brucei infection have been

investigated [27–30], little is known about how phagocytosis of trypanosomes by macrophages

occurs mechanistically. We have shown earlier that blocking VSG synthesis in vitro leads to

stalled trypanosomes which persist for days [13]. However, if VSG RNAi is induced in vivo in

infected mice, trypanosomes are very rapidly cleared within hours. We have no evidence that

blocking VSG synthesis results in increased trypanosome sensitivity to the alternative pathway

of complement mediated lysis.

In order to understand this rapid trypanosome clearance in vivo, we therefore investigated

the effect of blocking VSG synthesis on trypanosome phagocytosis by macrophages. Macro-

phages can be co-cultured with trypanosomes in vitro, providing a powerful experimental sys-

tem for investigating the role of phagocytes during a trypanosome infection. Here, we found

that although blocking VSG synthesis resulted in altered motility of the stalled cells, there was

no significant increase in phagocytosis by mouse macrophages. However phagocytosis of the

arrested trypanosomes was significantly increased in the presence of anti-VSG antibodies.

Concurrently, we observed a significant decrease in rates of clearance of anti-VSG complexes

from the trypanosome surface when VSG synthesis was blocked. These experiments show that

an experimental perturbation resulting in reduced clearance of anti-VSG antibodies directly

inhibits the ability of the trypanosome to evade phagocytosis. These experiments highlight the

importance of both high rates of VSG synthesis and clearance of anti-VSG antibodies for try-

panosome evasion from the multiple arms of the host immune system including phagocytes.

VSG Synthesis Block Results in Reduced Antibody Clearance
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Results

Blocking VSG synthesis leads to increased phagocytosis of

trypanosomes in the presence of anti-VSG antibodies

The induction of a VSG synthesis block in T. brucei in vitro leads to an abrupt inhibition of

growth within one cell cycle (8 hours), and a precise pre-cytokinesis cell cycle arrest [13]. VSG

is highly essential for bloodstream form T. brucei in vivo, and blocking its synthesis results in

rapid elimination of a trypanosome infection in mice within hours. In order to understand

how this rapid clearance in vivo is mediated, we investigated the effect of inhibiting VSG syn-

thesis on trypanosome phagocytosis by mouse macrophages in vitro. To study this, we co-culti-

vated T. brucei 221VG1.1 in the presence of activated mouse RAW264.7 macrophages for one

hour at 37˚C. In order to trigger classical activation, macrophages were first stimulated with

mouse IFN-γ (interferon gamma) and LPS (Lipopolysaccharides from E. coli) for 24 hours

prior to co-cultivation with trypanosomes [31, 32].

The T. brucei 221VG1.1 trypanosome line contains eGFP and a puromycin resistance gene

inserted in the active VSG221 expression site, and a construct allowing tetracycline inducible

expression of VSG221 RNAi [13]. VSG synthesis was blocked by the induction of VSG221
RNAi with tetracycline for eight hours, which is the earliest time point that produces a full

cell-cycle arrest. Trypanosome phagocytosis was analysed by immunofluorescence micros-

copy, allowing visualisation of T. brucei flagella even after internalisation within the mouse

macrophage using a monoclonal antibody (L8C4) against the T. brucei paraflagellar rod pro-

tein 2 (PFR2) [33] (Fig 1A).

As expected for a bloodstream pathogen, bloodstream form T. brucei normally escapes sig-

nificant phagocytosis by macrophages. When macrophages were co-cultivated with blood-

stream form T. brucei, only 2.7 ± 2.3% of the macrophages showed evidence of internalised

parasites (Fig 1B). Host molecules including complement C3b or IgG or IgM antibodies

adhere to microbial invaders, thereby facilitating phagocytosis of the opsonised pathogens [25,

34]. Macrophages adhere to these host protein coated pathogens through specific surface

receptors recognising these opsonins [26, 35]. We therefore investigated phagocytosis of T.

brucei after pre-incubation with either complement proteins or anti-VSG antibodies. The

complement used in these experiments was present in normal mouse serum (NMS) from the

CD-1 mouse strain. Unlike many laboratory mouse strains, CD-1 mice have functional com-

plement proteins of the terminal complement pathway, and have been shown to have func-

tional serum complement activity of the classical, lectin and alternative pathways at the level of

C9 activation [36]. To verify that the normal mouse serum from our CD-1 mice was indeed

complement active, we showed activity of the classical pathway (requiring both antibodies and

complement). After opsonisation for 90 minutes with both NMS and anti-VSG antibodies,

there was moderate although statistically significant lysis of T. brucei after the induction of

VSG221 RNAi for eight hours (�P<0.05) (S1 Fig). The anti-VSG221 antibody used in our

experiments was a rabbit polyclonal antibody (1:5000 dilution), which was not in excess in our

assays, as shown in S2 Fig.

In order to investigate the role of host opsonins on phagocytosis of T. brucei, we incubated

T. brucei with NMS from CD1 mice, anti-VSG221 antibody, or both NMS and anti-VSG221

antibodies before co-culturing the trypanosomes with activated mouse RAW264.7 macro-

phages (Fig 1B). Prior incubation of trypanosomes with NMS did not lead to a significant

increase in macrophages with phagocytosed parasites (up to 5.2 ± 1.9%). A possible increase in

phagocytosis was observed if trypanosomes were first incubated with anti-VSG221 antibodies

(up to 9.8 ± 4.3%), however this increase (up 16.4 ± 6.0%) was only statistically significant

(�P<0.05) if normal mouse serum was added together with anti-VSG221 antibodies. This

VSG Synthesis Block Results in Reduced Antibody Clearance
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established the importance of host opsonins for phagocytosis of T. brucei. In addition, these

data indicate the importance of the classical pathway of complement activation, whereby dedi-

cated host complement proteins adhere to host antibodies coating microorganisms.

We next investigated the role of the VSG coat in trypanosome recognition and phagocytosis

by macrophages. The induction of a VSG synthesis block leads to an arrest in trypanosome

growth, with the majority of the stalled population (> 65%) consisting of bi-flagellated cells

Fig 1. Inhibition of VSG synthesis in T. brucei leads to an increase in phagocytosis by macrophages

in the presence of anti-VSG221 antibodies. (A) Phagocytosis of T. brucei by mouse RAW264.7

macrophages. The cells are visualised by differential interference contrast (DIC) or after immunofluorescence

microscopy using a monoclonal antibody against the T. brucei paraflagellar rod protein PFR2 (L8C4). This

allows visualisation of T. brucei after phagocytosis by the macrophage. Scale bar: 5 μm. (B) Quantitation of

the percentage of macrophages with one or more internalised T. brucei flagella. VSG synthesis was blocked

by the induction of VSG221 RNAi in T. brucei 221VG1.1 for 0 or 8 hours (h). Parasites were then either left

untreated, or were opsonised with normal mouse serum (NMS), polyclonal anti-VSG221 antibody (Ab) or both

NMS and anti-VSG221 antibody. Phagocytosis of T. brucei was quantified by immunofluorescence

microscopy, and was found to be significantly increased in the presence of anti-VSG antibodies and NMS

(single asterisk), or after induction of a VSG synthesis block in the presence of anti-VSG antibodies (asterisks

over brackets). The results are the mean from three independent experiments (n = 200) with the standard

deviation indicated with error bars. Statistical analysis was performed using the Student’s t-test **P<0.001,

*P<0.05.

doi:10.1371/journal.ppat.1006023.g001
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arrested precytokinesis [13]. Surprisingly, we found that blocking VSG synthesis had a relatively

minor effect on phagocytosis, and the percentage of macrophages with phagocytosed trypano-

somes rose only marginally from 2.7 ± 2.3% to 3.9 ± 2.4%. Blocking VSG synthesis in the pres-

ence of NMS resulted in a further marginal increase from 5.2 ± 1.9% to 6.7 ± 3.1% (Fig 1B).

However, the most striking effect on phagocytosis was seen when VSG221 synthesis was

blocked in trypanosomes which were first opsonised with anti-VSG221 antibodies before the

phagocytosis assay was performed. These treatments lead to 33.5 ± 6.7% of the macrophages

containing internalised flagella, which was a 3.4-fold increase compared with non-induced

cells (��P<0.001). The addition of host complement to the anti-VSG antibodies in the face of a

VSG synthesis block did not result in a significant additional increase in phagocytosis

(34.8 ± 6.6% vs 33.5 ± 6.7%). This demonstrates that anti-VSG antibodies were the main factor

in this facilitated trypanosome uptake after the induction of a VSG synthesis block. Not all

macrophages phagocytosed trypanosomes. This variability could indicate that not all macro-

phages were equally competent for phagocytosis, possibly due to heterogeneity in their degree

of activation, as has been found before [32].

As opsonisation with host proteins appeared to play a significant role in this observed

increase in trypanosome recognition and phagocytosis by macrophages, we investigated the

extent to which opsonised trypanosomes were actually phagocytosed, as opposed to just

adhered to the macrophage surface. When T. brucei expressing eGFP is phagocytosed, eGFP

fluorescence disappears rapidly. We therefore determined the number of trypanosomes inter-

nalised in each macrophage using immunofluorescence microscopy detecting the flagella. Try-

panosome flagella remain relatively resistant to degradation in the macrophage

phagolysosome, even after the ingested trypanosomes have lysed. A detailed analysis in Fig 2

shows that trypanosomes that are pre-incubated in NMS do not adhere to macrophages to a

significantly greater extent than untreated trypanosomes regardless of whether VSG RNAi is

induced (Fig 2A and 2B). Pre-incubation of uninduced T. brucei with anti-VSG221 antibodies

lead to a 4.5-fold increase in RAW264.7 macrophages showing adhered trypanosomes, and a

3.4-fold increase in macrophages with internalised flagella (Fig 2C).

However, the most striking effect was seen when VSG221 synthesis was blocked in trypano-

somes which had also been pre-incubated with anti-VSG221 antibodies before co-culturing

with macrophages (Fig 2C). Here, the majority of the macrophages contained more than 1 fla-

gellum, and between 5–10% of the macrophages each contained either 1, 2, 3, 4 or more than 4

flagella. Some macrophages efficiently phagocytosed multiple (up to more than four) trypano-

somes in the presence of anti-VSG221 antibodies and a VSG synthesis block, with the addi-

tional inclusion of NMS resulting in some increased trypanosome adherence and phagocytosis

(Fig 2D). Anti-VSG221 antibodies were therefore the most important opsonin facilitating effi-

cient trypanosome uptake in our phagocytosis experiments.

Clearance of anti-VSG221 antibodies is impaired after the induction of a

block in VSG221 synthesis

Bloodstream form T. brucei clears anti-VSG antibodies from its surface via unusually high

rates of endocytosis, which can be blocked by decreasing the temperature [20, 24]. At 4˚C mol-

ecules can enter the trypanosome flagellar pocket, but further entry into the endocytic system

is halted [24]. To investigate VSG antibody clearance in our stalled cells, we cooled trypano-

somes to 4˚C to block endocytosis, before allowing binding of anti-VSG221 antibody to the

cell surface [24]. The opsonised cells were subsequently transferred to 37˚C to reinitiate endo-

cytosis for varying lengths of time. Clearance of surface anti-VSG221 antibodies was visualised

using immunofluorescence microscopy. Bloodstream form T. brucei where VSG221 RNAi was

VSG Synthesis Block Results in Reduced Antibody Clearance
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not induced removed anti-VSG221 antibodies from the cell surface within 8 minutes of reacti-

vation of endocytosis (Fig 3). However, after VSG221 synthesis had been blocked for 8 hours,

the rate of surface antibody clearance was greatly reduced. To confirm that we were not look-

ing at a nonspecific consequence of the growth arrest, we also monitored clearance of anti-

VSG221 antibodies after the RNAi mediated knock-down of the essential protein TDP1 [37].

TDP is an architectural chromatin protein which has no direct role in VSG trafficking or cellu-

lar architecture. The induction of TDP1 RNAi (although arresting cell growth) did not result

in impaired clearance of anti-VSG221 antibodies (Fig 3).

Fig 2. Blocking VSG synthesis in the presence of anti-VSG221 antibodies results in an increase in adherence and

phagocytosis of trypanosomes by macrophages. T. brucei 221VG1.1 was left untreated (A), or opsonised with normal mouse

serum (NMS) (B), a polyclonal anti-VSG221 antibody (C), or both NMS and an anti-VSG221 antibody (D), prior to co-culturing with

RAW264.7 mouse macrophages. Adherence or phagocytosis of T. brucei was quantitated by counting the number of flagella

either attached to, or inside each macrophage using an antibody against T. brucei paraflagellar rod protein PFR2 (L8C4). Graphs

show mean values expressed as percentage of the total number of macrophages from three independent experiments (n = 200)

with the standard deviation indicated with error bars. The number (No.) of flagella either adhering to the surface of the

macrophages or internalised within is indicated underneath.

doi:10.1371/journal.ppat.1006023.g002
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Within eight hours induction of VSG221 RNAi in vitro, more than 65% of the population is

stalled precytokinesis as 2N2K cells containing two nuclei (N) and two kinetoplasts (K), which

do not reinitiate further rounds of DNA synthesis. We therefore investigated if the observed

reduced clearance of anti-VSG221 antibodies was a consequence of the accumulation of 2N2K

cells. Possibly the 2N2K cell-cycle stage naturally shows reduced rates of recycling. We there-

fore quantitated the clearance of anti-VSG221 antibodies at different cell cycle stages using

flow cytometry (Fig 4A). The anti-VSG221 antibodies were visualised using a secondary anti-

body coupled to Alexa Fluor 488, and trypanosome DNA content was monitored using the

propidium iodide stain.

In untreated cells, we did not find that rates of clearance of anti-VSG221 antibody varied

significantly at different stages of the cell cycle (Fig 4A and 4B). The half-life of the anti-VSG

antibody in the whole population is 36.7 ± 3.7 seconds (Fig 4C), which is comparable to the

value of 35.3 ± 4.6 seconds found by the Engstler laboratory using polyclonal anti-VSG IgG

antibodies [24]. When the different cell cycle stages were investigated individually, the half-life

of the anti-VSG antibody was comparable between the different cell cycle stages, and ranged

Fig 3. Blocking VSG synthesis results in reduced clearance of surface-bound anti-VSG221 antibodies. Immunofluorescence microscopy

analysis of T. brucei 221VB1.2 where VSG221 synthesis was blocked by the induction of VSG221 RNAi for 0 or 8 hours (h). Cells were next coated

with an anti-VSG221 antibody at 4˚C (to stop endocytosis), and subsequently transferred to 37˚C for the time indicated in minutes to reinitiate

endocytosis. Cells were fixed, and the anti-VSG221 antibody was visualised using an anti-rabbit Alexa 488-conjugated secondary antibody. DNA

is stained with DAPI (blue). Scale bar = 10 μm. As a lethality control, a comparable experiment was performed after the induction of RNAi against

the essential TDP1 chromatin protein.

doi:10.1371/journal.ppat.1006023.g003
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Fig 4. Induction of a VSG synthesis block leads to a decrease in clearance of surface-bound anti-VSG221

antibodies. (A) Surface clearance of anti-VSG221 antibodies was analysed by flow cytometry in T. brucei 221VB1.2

where VSG221 RNAi was induced for 0 or 8 hours (h). The cells were subsequently transferred to 4˚C to stop

endocytosis, and then coated with anti-VSG221 antibodies. Cells were next incubated at 37˚ to reinitiate endocytosis

for the time indicated in minutes. The reaction was subsequently stopped, and the cells were fixed and stained with an

AlexaFluor 488 coupled secondary antibody and propidium iodide (to visualise DNA content). The amount of surface

anti-VSG221 antibody was determined at the G1 (orange), S (blue) or G2/ M (purple) cell cycle stages. (B) Quantitation

of the reduced clearance of anti-VSG221 antibody after blocking VSG221 synthesis. Surface anti-VSG221 antibody

was detected using an Alexa 488-conjugated secondary antibody, and total fluorescence was quantitated by flow

VSG Synthesis Block Results in Reduced Antibody Clearance
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from 34.3 ± 3.5 seconds for cells in G1, to 39.8 ± 4.7 seconds for cells in S-phase and 39.3 ± 4.2

seconds for cells at G2/M.

However, in cells that were stalled after blocking VSG synthesis, we found significantly

reduced clearance of anti-VSG antibodies at all stages of the cell cycle, with an average for the

whole population of 79.0 ± 12.8 seconds) (�P<0.05) (Fig 4). If the different cell cycle stages

were analysed individually, the half-life increased from 43.6 ± 4.4 seconds for cells in G1 to

75.1 ± 12.5 seconds for cells in S phase, and 99.2 ± 15.9 seconds for cells in G2/M. In the G2/M

cell cycle stage anti-VSG antibody clearance was particularly decreased compared with unin-

duced cells at this cell cycle stage (�P<0.05). Again, to ensure that we were monitoring a spe-

cific consequence of blocking VSG221 synthesis rather than lethality, we also determined the

rate of internalisation of anti-VSG221 antibodies after knocking down the highly essential

chromatin protein TDP1 [37]. TDP1 knock-down results in rapid growth arrest, although not

the highly specific precytokinesis cell cycle arrest observed after the induction of VSG RNAi,

which is to the best of our knowledge unique [13, 37]. Despite the induction of a rapid growth

arrest after TDP1 knock-down, there was no significant change in the rate of clearance of anti-

VSG221 antibodies (41.1 ± 4.0 seconds) (S3 Fig).

A phenomenon that we observed in these experiments, was that cells where VSG221 RNAi

had been induced, appeared to have increased binding of anti-VSG221 antibody compared

with uninduced cells. We therefore quantitated the total amount of VSG221 on these stalled

cells using LiCor imaging. We found that T. brucei where VSG221 RNAi had been induced for

eight hours had a reduction in total VSG to 64 ± 12% normal levels (�P<0.05) (S4A and S4B

Fig). We also quantitated surface VSG using biotinylation. These biotinylation experiments

estimated that T. brucei had a reduction in surface VSG221 to 67 ± 22% normal levels after the

induction of VSG221 RNAi for eight hours (�P<0.05) (S4C Fig). Equivalent values were

obtained if the different cell cycle stages were analysed separately. However, if anti-VSG221

antibodies were quantitated, approximately twice as many bound to the surface of cells where

VSG RNAi had been induced (�P<0.05) (S4D Fig). This was particularly apparent in the G2/M

cell cycle stage (213 ± 41%). As we had established that blocking VSG synthesis resulted in

moderate reduction in VSG on the cell surface, this observed increase in antibody binding is

presumably a consequence of reduced VSG coat density exposing previously inaccessible VSG

epitopes to recognition by the polyclonal anti-VSG antibodies.

As we observed reduced clearance of anti-VSG antibodies after induction of a VSG synthe-

sis block, we investigated if this effect was due to a reduction in the rate of internalisation of

total surface VSG rather than specifically antibody bound VSG. Cells were cooled to 4˚C to

stop endocytosis, before surface VSG was biotinylated [20]. Cells were subsequently trans-

ferred to 37˚C to reinitiate endocytosis for varying lengths of time. Endocytosis was then

stopped, external biotin was stripped off, and fixed cells were permeabilised and incubated

with streptavidin-Alexa Fluor 488 to quantitate the amount of internalised biotinylated VSG

by flow cytometry. However, even after blocking VSG synthesis for 8 hours, the amount of sur-

face VSG that was internalised was not significantly decreased (half-life of 23.7 ± 6.1 vs

28.4 ± 7.5 seconds) (Fig 5). This demonstrates that in cells arrested by the induction of VSG221
RNAi, there is specifically a reduction in the rate of internalisation of VSG-antibody com-

plexes, rather than a general decrease in rates of internalisation of all surface VSG.

cytometry. Mean fluorescence intensity values are expressed as a percentage of the value at 0 minutes. Results

shown are the mean of three independent biological replicates with the standard deviation indicated with error bars. (C)

Quantitation of the half-life of anti-VSG221 antibodies after blocking VSG221 synthesis. Results shown are the mean

of three independent biological replicates with the standard deviation indicated with error bars. After fitting each data

set to the non-linear regression model, statistical analysis was performed using the Student’s t-test *P<0.05.

doi:10.1371/journal.ppat.1006023.g004
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Although anti-VSG221 antibodies were clearly removed from the cell surface at a reduced

rate after the induction of VSG221 RNAi, it was not evident whether this impairment was a

consequence of a restriction preventing anti-VSG antibody complexes from entering the fla-

gellar pocket, or complications further downstream in the endocytic pathway. We therefore

monitored if the VSG-antibody complexes were indeed internalised using immunofluores-

cence microscopy. Similar to previous experiments, cells were first cooled to 4˚C to block

endocytosis, before transferral to 37˚C for varying lengths of time. Reactivation of endocytosis

at 37˚C results in VSG-antibody complexes progressing first through the early, and then subse-

quently the late endocytic system. In the lysosomal compartment anti-VSG antibodies are

stripped off and degraded [23, 38]. In order to prevent degradation of the internalised VSG-

antibody complexes in the lysosome and thereby facilitate their detection, FMK-024 inhibitor

was included at an end concentration of 20 μM. FMK-024 is a lysosomal thiol protease inhibi-

tor which blocks the cathepsin protease TbCat L, allowing the detection of accumulated anti-

VSG antibodies in the T. brucei lysosome [39, 40].

As expected, after transferring cells to 37˚C anti-VSG antibodies (indicated in green) were

rapidly removed from the cell surface within 2 minutes (Fig 6). The T. brucei lysosomal com-

partment was visualised with the lysosomal marker p67 (red) [41, 42]. In untreated cells, anti-

VSG antibodies accumulated in the lysosome within 8 minutes of reactivation of endocytosis

(co-localisation with p67 indicated in yellow). After blocking VSG synthesis, anti-VSG anti-

bodies were still internalised but at a greatly reduced rate, and it took more than 16 minutes

before significant accumulation of antibodies in the lysosome was observed.

Endocytosis in bloodstream form T. brucei is restricted to the flagellar pocket, and is

involved in the removal of surface bound host antibodies, nutrient uptake and the mainte-

nance of homeostasis of the cell surface proteome. In order to determine if the early endocytic

Fig 5. The rate of internalisation of biotinylated VSG is unaffected by the induction of a block in VSG

synthesis. VSG synthesis was arrested in T. brucei 221VB1.2 cells by the induction of VSG221 RNAi for 8

hours (h). Endocytosis was stopped by cooling the cells to 4˚C. Flow cytometry analysis of internalisation of

biotinylated VSG. Cells were labelled with biotin, and transferred to 37˚C for 0, 30, 60, 90, 180, 360 or 720

seconds to activate endocytosis. Remaining surface biotin was removed by the addition of ice cold stripping

buffer. Cells were next fixed, permeabilised and incubated with Alexa Fluor 488 conjugated streptavidin.

Mean fluorescence intensity values were normalised against that of time point 0 seconds. Error bars show the

standard deviation of three independent biological replicates.

doi:10.1371/journal.ppat.1006023.g005
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pathway was affected in our stalled cells, we investigated rates of receptor mediated endocyto-

sis by following the uptake of transferrin and tomato lectin, and fluid phase endocytosis by

monitoring uptake of dextran. Using flow cytometry to monitor uptake of Alexa Fluor 488

conjugated human transferrin, we found that the half-life of transferrin increased from

1.1 ± 0.3 minutes to 3.3 ± 1.1 minutes, however this result was not statistically significant (Fig

7A). Uptake of other endocytic makers was also not significantly affected by the induction of

VSG RNAi. Receptor-mediated endocytosis was monitored with tomato-lectin coupled to

Alexa Fluor 488, which showed an increase in half-life (3.5 ± 4.2 minutes versus 1.5 ± 1.3 min-

utes), but this was not statistically significant (Fig 7B). Similarly, fluid phase endocytosis, as

monitored by uptake of Dextran-Alexa Fluor 488 was also not significantly changed in the

Fig 6. Blocking VSG synthesis results in impairment of internalisation of anti-VSG antibodies.

Reduced rates of internalisation and lysosomal degradation of anti-VSG221 antibody after induction of a

VSG221 synthesis block. VSG221 synthesis was blocked in T. brucei 221VB1.2 cells by the induction of

VSG221 RNAi for 8 hours (h). Cells were coated with an anti-VSG221 antibody at 4˚C to stop endocytosis,

and then transferred to 37˚C to activate endocytosis for the time shown in minutes. The lysosomal thiol

protease inhibitor FMK-024 was used to inhibit degradation of anti-VSG antibody in the lysosomal

compartment, and facilitate its visualisation. Cells were then fixed and stained with an Alexa Fluor 488

coupled secondary antibody. The lysosomal compartment was visualised with an antibody against the p67

lysosomal protein stained with an Alexa Fluor 594 coupled secondary antibody. The merge of the two signals

is shown in yellow. Below are shown panels of the trypanosomes visualised using differential interference

contrast. Scale bar: 5 μm.

doi:10.1371/journal.ppat.1006023.g006
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Fig 7. Blocking VSG synthesis does not result in significant reduction in rates of endocytosis of

transferrin, tomato lectin or dextran. (A) Internalisation of transferrin after the induction of a VSG synthesis

block. Cells were incubated with Alexa Fluor 488-conjugated transferrin at 4˚C and then transferred to 37˚C to

reinitiate endocytosis for the time indicated in minutes. Cells were subsequently fixed and analysed by flow

cytometry. Mean fluorescence intensity values are normalised to that at 0 minutes. The standard deviation

from three independent experiments is indicated with error bars. (B) Uptake of tomato-lectin after the

VSG Synthesis Block Results in Reduced Antibody Clearance
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stalled cells (7.9 ± 6.3 minutes in cells where VSG RNAi had been induced compared with a

half-life of 8.3 ± 5.0 minutes in untreated cells) (Fig 7C). These results therefore do not provide

evidence for a clear impairment in the early endocytic pathway in cells stalled after the induc-

tion of a VSG synthesis block.

Blocking VSG synthesis results in increased directional cell motility and

reduced tumbling

Motility is essential in bloodstream form T. brucei and plays a vital role in cell cycle progres-

sion, cytokinesis and virulence [43, 44]. Forward swimming motility is also thought to facili-

tate the removal of anti-VSG antibodies from the surface of the bloodstream form

trypanosome [24]. In this model, antibodies bound to the VSG function as molecular sails.

Hydrodynamic forces generated by forward swimming of the parasite contribute to the prefer-

ential backward movement of VSG-antibody complexes into the flagellar pocket [24]. As

motility is thought to be key for efficient surface antibody clearance, we examined how this is

affected after VSG synthesis is blocked.

We measured the motility of our cells by performing time-lapse live cell videomicroscopy,

whereby cells were observed by bright-field light microscopy and images were captured every

200 milliseconds for 1.7 minutes (512 frames). Particles were identified, and tracks were built

for each cell (Fig 8A). VSG synthesis was blocked by the induction of VSG RNAi for 8 hours.

Analysis of the whole population did not show a significant change in average trypanosome

swim speed after the induction of VSG RNAi (1.6 ± 0.014 μm/ second vs 1.7 ± 0.019 μm/ sec-

ond) (S5 Fig). Arresting VSG synthesis resulted in a population of stalled trypanosomes that

were predominantly (>65%) composed of cells that had arrested precytokinesis with two full

length flagella. We therefore next monitored the speed of bi-flagellated cells in the untreated

population, or after VSG221 synthesis had been blocked for 8 hours. Here too, there was no

significant change in swim speed after the induction of a VSG synthesis block (1.45 μm/ sec vs

1.58 μm/ sec) (S5 Fig).

However, in the population of cells where VSG synthesis had been blocked, there was a

clear difference in swimming behaviour as illustrated by the particle motion track plots (Fig

8A). T. brucei motility changes according to the viscosity of its environment [24, 45]. Although

tissue culture medium is not as viscous as blood, we still used this low viscosity medium in our

motility experiments in order to replicate the conditions used in the trypanosome macrophage

co-cultivation experiments. In the uninduced population, tumbling cells constituted the

majority of the population, as has been observed earlier for bloodstream form T. brucei cul-

tured under standard tissue culture conditions [24]. However, after blocking VSG synthesis

for 8 hours, the arrested trypanosomes clearly swam in a more persistently directional fashion.

We therefore measured average trypanosome velocity, which is defined as speed in a given

direction, or total displacement over track length (and therefore including a directional com-

ponent). In contrast, average speed is total distance travelled over track length without consid-

ering directionality. After blocking VSG synthesis for eight hours, the average trypanosome

velocity significantly increased from 0.55 ± 0.01 μm/s to 0.90 ± 0.02 μm/s (���P =<0.0001)

reflecting the increased directionality of movement (Fig 8B). Again, we investigated if this was

induction of a VSG synthesis block. The experiment was performed and analysed by flow cytometry as in (A)

only cells were incubated with tomato lectin coupled to Dylight 488 at 4˚C before reactivation of endocytosis at

37˚C for the time indicated in minutes. (C) Flow cytometry analysis of dextran uptake after blocking VSG

synthesis. Cells were incubated with Alexa Fluor 488 conjugated dextran at 4˚C and transferred to 37˚C for

the time indicated in minutes. Mean fluorescence intensity values were normalised against that of the time

point 0 minutes. The standard deviation of three independent biological replicates is indicated with error bars.

doi:10.1371/journal.ppat.1006023.g007
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due to the accumulation of bi-flagellated cells in our arrested population, but found a similar

increase in velocity (or directional swimming) after the induction of a VSG synthesis arrest in

these bi-flagellated cells from 0.50 ± 0.06 μm/s to 0.84 ± 0.08 μm/s (���P =<0.0001).

These results were confirmed by our measurements of average angular persistence. Angular

persistence is a mathematical description for how the direction of motion of the cell changes

over time [46]. A value ranging from -1 to 1 was assigned to each particle track corresponding

to a swimming trypanosome. A value of 1 indicates directional swimming, whereby cells

observed after a 2 second period swim in the same direction as in the previous 2 second period.

Fig 8. Motility analyses show an increase in swim velocity in cells where VSG synthesis has been inhibited. (A) T. brucei swims more

persistently in the same direction after VSG synthesis is blocked. Particle motion tracks of cells where VSG221 RNAi was induced for 0 or 8 hours (h).

Each track represents the distance travelled by an individual cell over the course of measurement. One image was captured every 200 ms (5 Hz) for

1.7 minutes. Scale bar: 200 μm. (B) There is a significant increase in swim velocity (or directional swimming) after the induction of a VSG synthesis

block for 8 hours. Velocity is shown in μm per second (s). The whole population (2500 cells) is compared with 50 bi-flagellated cells from the induced or

uninduced population. Statistical significance was determined with Student’s t-test (***P<0.0001). (C) Increase in angular persistence in cells where

VSG synthesis has been blocked. The average (av.) angular persistence is shown in either the whole cell population or bi-flagellated cells. Angular

persistence is denoted on an arbitrary continuous scale of -1 to 1 where a value of 1 indicates continuous swimming in the same direction as observed

after a 2 second period, a value of 0 represents cells moving in a random direction after this time period, and a value of -1 represents a trypanosome

observed swimming in the reverse direction after 2 seconds. 1500 cells from the whole population (pop.) and 50 bi-flagellated cells are analysed. The

observed change in motility after the induction of a VSG synthesis block was highly significant (***P<0.0001). (D) Histogram distribution showing an

increase in persistent directional swimming in cells where VSG synthesis was blocked. The data is from 1500 cells from the whole population (either

untreated or where VSG221 RNAi has been induced for 8 hours) which are also analysed in panel (C).

doi:10.1371/journal.ppat.1006023.g008
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A value of 0 represents random movement, whereby the movement of the cell observed after a

2 second period is completely random in direction compared with the previous 2 second

period. A value of -1 indicates a reversal in swimming direction, whereby the cell observed

after a 2 second period has moved in the reverse direction.

As seen in the particle tracks, bloodstream form T. brucei primarily tumbles under standard

in vitro culturing conditions (with average angular persistence values of -0.07 ± 0.006) (Fig

8C). However, after VSG synthesis is blocked, the average angular persistence increased to

0.20 ± 0.008 units, reflecting the striking shift in the predominant mode of swimming from

random to directional (���P<0.0001). Again, this change in motility after the induction of a

VSG synthesis arrest was observed in both the whole population as well as in bi-flagellated

cells. In bi-flagellated cells the angular persistence increased after the induction of VSG RNAi

(-0.18 ± 0.03 units to 0.10 ± 0.04) which is significantly higher than in bi-flagellated cells in the

untreated population (���P<0.0001).

At the population level, the heterogeneity of motility phenotypes was greater in cells where

VSG synthesis was blocked compared with the non-induced population, possibly due to vari-

ance in penetrance of the VSG RNAi phenotype between cells (Fig 8D). However, in general

there was a clear increase in directional swimming in cells where VSG synthesis had been

blocked. We have shown earlier that blocking VSG synthesis results in stalled cells which are

shorter and broader than normal, although the cell volume remains unchanged [13]. We pos-

tulated that this changed morphology could be a consequence of the cell attempting to mini-

mise its surface area-to-volume ratio (i.e. become more spherical) in the face of restricted

VSG. One would expect that cells with a restricted VSG coat would also be more rigid than

normal. This could be expected to reduce their ability to flex, which could explain the reduced

tumbling movement that we observe.

These motility changes were striking, and could possibly explain the observed reduction in

clearance of anti-VSG antibodies. It is possible that cell surface flexing on the tumbling try-

panosome generates localised hydrodynamic forces facilitating the movement of VSG-anti-

body complexes toward the flagellar pocket. These forces could be as significant for immune

complex removal as those operating on a directionally swimming trypanosome. Therefore the

motility changes that we observe in cells where VSG synthesis has been blocked, possibly play

a direct role in the reduced selective clearance of anti-VSG complexes from the cell surface.

In summary, these results highlight the importance of efficient removal of anti-VSG anti-

bodies from the trypanosome cell surface to allow T. brucei evasion from phagocytosis of host

macrophages, and identify the rapid removal of host opsonins as being a key virulence factor

in a trypanosome infection.

Discussion

Here, we investigate the role of the VSG coat and its recycling in the phagocytosis of T. brucei
by macrophages. We find that blocking VSG synthesis results in a significant increase in mac-

rophage phagocytosis of trypanosomes, but only in the presence of anti-VSG antibodies.

Blocking VSG synthesis for 8 hours resulted in reduced rates of clearance of anti-VSG antibod-

ies. This was particularly pronounced in G2/ M stage cells, where the half-life of the anti-VSG

antibody increased about two and a half fold from 39.3 ± 4.2 seconds to 99 ± 15.9 seconds.

There was specifically a perturbation in the removal of VSG-antibody complexes, as rates of

internalisation of total biotinylated surface VSG were not significantly changed after blocking

VSG synthesis. There was no evidence for a restriction operating around the flagellar pocket of

the stalled cells, as VSG antibody still reached the lysosomal compartment after a VSG synthe-

sis block, although at slower rates than normal. Rates of endocytosis of various endocytic
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markers including tomato lectin, dextran or transferrin were not significantly reduced in the

stalled cells. Motility was altered in the arrested cells, resulting in cells which swam persistently

rather than tumbling. We postulate that these motility changes play a direct role in the reduced

clearance of anti-VSG antibodies that we observe. These experiments shed light on T. brucei
evasion of macrophages. In addition, they highlight the essentiality of high rates of VSG syn-

thesis and internalisation coupled with VSG quality control in removing host cell opsonins,

thereby enabling trypanosome escape from host phagocytes.

The experiments where trypanosomes were co-cultivated with macrophages demonstrated

how effectively wild-type bloodstream form T. brucei normally evades ingestion by phagocytes.

After macrophages had been co-cultivated with T. brucei for 60 minutes, only a small percent-

age (2.7 ± 2.3%) had ingested trypanosomes. Phagocytosis was increased in the presence of

host opsonins. The addition of anti-VSG antibody produced the most striking increase, with

the addition of mouse complement having a relatively minor effect. However, the highest (and

statistically significant) levels of phagocytosis were observed after pre-treatment of the try-

panosomes with both anti-VSG antibodies as well as complement (with 16.4 ± 6.0% of the

macrophages showing internalised flagella). These results therefore highlight the importance

of host opsonins, and specifically the classical pathway of complement activation in the recog-

nition and subsequent phagocytosis of trypanosomes by professional phagocytes including

macrophages, [26, 31, 47].

Our experimental approach investigates trypanosome removal of anti-VSG221 antibodies

derived from hyperimmune polyclonal rabbit serum, which can be expected to be highly

enriched for the IgG isotype. In contrast, the IgM isotype would be likely to be more abundant

early during a trypanosome infection, although its relative importance for trypanosome clear-

ance has been disputed [48]. Both antibody isotypes can be efficiently removed by T. brucei
from the cell surface [23, 24], and we do not think that these differences significantly impact

on our findings.

Macrophages have a variety of surface receptors for these host molecules, including differ-

ent types of Fc receptors which bind the Fc regions of IgM or IgG antibodies coating microor-

ganisms [26, 49]. Alternatively, macrophage binding can operate through complement

proteins deposited through either the alternative or the classical pathway of complement acti-

vation. In the alternative pathway, complement C3 is cleaved, and the opsonin C3b plus its

degradation products including iC3b are deposited directly on the microbial surface [35].

Monocytes and macrophages have different surface receptors for these host proteins. These

include CR1, CR3 and CR4 which bind the C3b and iC3b coated microorganisms, thereby

facilitating recognition and phagocytosis [34]. However, in the classical pathway, the comple-

ment protein C1q binds the Fc region of IgG or IgM antibodies coating microorganisms,

which can then be recognised by macrophage receptors including CR1 [34, 50]. The synergis-

tic effect of adding both anti-VSG antibodies and normal mouse serum on trypanosome

phagocytosis that we observed, is presumably a consequence of improved macrophage recog-

nition of parasites opsonised with antibodies as well as different types of complement proteins

(including C3b, iC3b and C1q) indicating the importance of the classical pathway. These

experiments emphasise the vital importance for T. brucei of rapidly removing host opsonins

from its surface, before these can be recognised by macrophage cell surface receptors.

Blocking VSG synthesis for 8 hours did not result in a statistically significant increase in

macrophage phagocytosis of T. brucei, despite this resulting in the preponderance of the T.

brucei population (>65%) arresting precytokinesis as stalled bi-flagellated cells. This was not

significantly affected by the addition of normal mouse serum. However, in the presence of

anti-VSG antibodies, there was a striking increase in macrophage phagocytosis of trypano-

somes, with up to 34% of the macrophages containing internalised flagella. Activated
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macrophages were able to internalise multiple trypanosomes, with many phagocytes ingesting

more than four parasites. Even under optimal conditions, not all macrophages phagocytosed

trypanosomes. This was presumably a consequence of heterogeneity in macrophage activation

state after treatment with LPS and interferon γ, as appears to have been observed earlier in the

mouse RAW264.7 cell line used in these studies [32].

We show that the increased phagocytosis of trypanosomes in the presence of anti-VSG anti-

bodies after the induction of a VSG synthesis block, appears to be a direct consequence of a

reduction in rates of antibody clearance from the trypanosome cell surface. After the induction

of VSG221 RNAi, VSG antibody half-life on the cell surface increased significantly from

36.7 ± 3.7 seconds to 79.0 ± 12.8 seconds. This was most striking in G2/ M cells where the sur-

face anti-VSG antibody half-life increased about two and a half fold from 39.3 ± 4.2 to

99.2 ± 15.9 seconds. Surprisingly, this reduced clearance of anti-VSG antibody in the arrested

cells did not appear to be a consequence of reduced rates of internalisation of bulk surface

VSG. Similarly, there did not appear to be a restriction operating on flagellar pocket access.

After blocking VSG synthesis, surface anti-VSG antibody could still enter the pocket and prog-

ress through the endocytic system to the lysosome, although at slower rates than normal.

Endocytosis at the flagellar pocket in bloodstream form T. brucei involves clathrin coated

pits which bud off the cellular membrane and shed their clathrin lattice, forming early endo-

somes [51–53]. Although we found that blocking VSG synthesis resulted in decreased clear-

ance of anti-VSG antibodies from the cell surface, we did not find significant disruption in

rates of endocytosis of either bulk VSG or various markers for either receptor mediated or

fluid phase endocytosis. This would indicate that the reduced clearance of surface antibodies

that we observed was not due to a clear endocytic defect.

However, the induction of a VSG synthesis block did result in significant changes in the

motility of the stalled cells. Trypanosome swim speeds are thought to be instrumental for the

efficient removal of anti-VSG antibodies from the cell surface [24], which is favoured at swim

speeds much higher than those observed under standard in vitro culturing conditions which

are lower viscosity than blood [24, 54]. The swim speed of bloodstream form T. brucei 427

grown at 37˚C under standard tissue culture conditions varies between 1.5 to 5.7 μm/ sec [54,

55]. Although our observed swim speed is low (1.5 μm/ sec), we did not repeat these experi-

ments in high viscosity media, as we were interested in T. brucei motility under the conditions

used for the macrophage co-cultivation experiments.

Populations of bloodstream form T. brucei typically contain cells with a variety of different

swimming behaviours varying from persistent directional swimming to tumbling [56, 57]. Cell

microenvironment affects this motility, whereby trypanosomes cultured in the low viscosities

of tissue culture media predominantly tumble [54]. In T. brucei swimming becomes faster and

more directional as the viscosity of the culture medium is increased up to values found in

blood [45, 54]. In addition to the effect of the microenvironment, cellular features have been

argued to affect trypanosome motility as straighter rigid cells would be expected to swim more

directionally [57].

Our bloodstream form T. brucei showed primarily tumbling behaviour in vitro as would be

expected under low viscosity conditions, but the induction of a VSG synthesis block resulted

in a significant increase in the number of cells which swam directionally. There was a signifi-

cant increase in velocity (or directional swimming) of these stalled cells, although the mean

swim speed did not significantly increase either in the whole population or in bi-flagellated

cells which comprise the majority of the population (>65%). Cells stalled after the induction

of a VSG synthesis block arrest at a precise precytokinesis stage, although these stalled cells dif-

fer from wild type precytokinesis cells. The arrested cells are shorter and broader than normal

[13], although the total cell volume is unchanged compared with normal precytokinesis cells.
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This change in morphology in the absence of sufficient VSG could be a consequence of a

restriction operating on the VSG surface coat, resulting in increased cellular rigidity. As

increased cellular rigidity (as well as an increase in cell width) would be expected to result in

increased directional swimming [57], this could explain why our stalled bi-flagellated cells

swim more directionally than wild type bi-flagellated cells.

Selective clearance of VSG-antibody complexes is thought to be facilitated by hydrody-

namic forces operating on the trypanosome cell surface generated by directional swimming

[24]. However, even in tumbling cells there is posterior accumulation of anti-VSG immune

complexes at the flagellar pocket. Our uninduced cells predominantly tumble, yet clear anti-

VSG antibodies, showing that directional swimming is not essential for all antibody clearance.

The induction of a VSG synthesis block results in directionally swimming cells with reduced

antibody clearance. It is therefore possible that the flexing activity on the cell surface of a tum-

bling trypanosome generates localised hydrodynamic forces which directly facilitate the selec-

tive movement of VSG-antibody complexes over the cell surface. These forces could be as

important in removing surface VSG-antibody complexes as the forces generated through

directional swimming through the “wind in the sail” model [24]. Our observed changes in

motility possibly directly explain why there is decreased removal of VSG-antibody complexes

after the induction of VSG RNAi. This would argue that the exact characteristics of T. brucei
motility in the bloodstream could play an important role in removing immune complexes, and

therefore in parasite virulence.

Our results therefore shed light on several issues. First of all, they highlight the importance

of continued VSG synthesis for the bloodstream form parasite in immune evasion. Blocking

VSG synthesis results in viable stalled cells with intact VSG coats which persist for days in
vitro. This lead to the proposal that this cell cycle arrest could be a parasite safety mechanism

preventing a trypanosome from dividing in the absence of enough VSG to coat the two daugh-

ter cells. This could potentially have a protective function in vivo. However, the protective

nature of this cell-cycle checkpoint would only operate in the absence of significant anti-VSG

antibody titres. The experiments that we show here, argue that in a host that has been infected

long enough to develop a significant antibody response, these stalled cells would be preferen-

tially removed by phagocytes as a consequence of reduced clearance of anti-VSG antibodies.

Secondly, our results directly demonstrate the essentiality of rapid removal of host opsonins

from the trypanosome cell surface for effective escape from host macrophages. To the best of

our knowledge, these experiments are the first to show that an experimental perturbation lead-

ing to reduced clearance of anti-VSG antibodies directly results in increased trypanosome

phagocytosis by macrophages. Lastly, we hypothesise that the motility changes observed after

induction of a VSG synthesis block play a direct role in VSG-immune complex removal. These

experimental data therefore highlight the importance of high rates of VSG recycling in the

removal of host cell opsonins from the trypanosome cell surface, thereby allowing the efficient

evasion of professional phagocytes including macrophages during a chronic infection. We

therefore show that the cellular processes of high rates of VSG internalisation coupled with

VSG quality control are key virulence factors enabling T. brucei to be a highly successful extra-

cellular pathogen.

Materials and Methods

Trypanosome strains and culturing

Bloodstream form (BF) Trypanosoma brucei brucei 427 was cultured in HMI-9 medium sup-

plemented with 15% heat inactivated fetal calf serum (FCS) [58]. The BF T. brucei 221VG1.1

cell line used in the phagocytosis assays is described in [13]. This cell line is a derivative of T.
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brucei 90–13 [59]. It expresses VSG221, and has a 221GP1 construct containing the eGFP and

puromycin resistance genes inserted behind the promoter of the active VSG221 expression site

[60]. Selection on puromycin ensures maintenance of a population of cells homogeneous for

expression of VSG221. A construct allowing tetracycline inducible expression of VSG221
RNAi from two opposing T7 promoters is inserted in a mini-chromosome [61].

The similar BF T. brucei 221VB1.2 cell line is also described in [13], only here a construct

containing a blasticidin resistance gene was inserted immediately behind the active VSG221
expression site promoter, and homogeneous expression for VSG221 was ensured using blasti-

cidin selection. The T. brucei 221VB1.2 cell line was used for the surface VSG-antibody clear-

ance assays, endocytosis assays and motility measurements. In both cell lines, VSG221 RNAi

was induced for 8 hours using 1 μg/ ml tetracycline. Control experiments were performed with

the VSG221 expressing BF T. brucei 90-13TDPC1 cell line. This is a derivative of BF T. brucei
90–13 [59] with a fragment from the essential TDP1 gene inserted between two opposing T7

promoters, allowing the tetracycline inducible expression of TDP1 RNAi [37].

Macrophage culture and trypanosome phagocytosis assay

Murine macrophage cell line RAW264.7 (ATCC TIB-71) (kind gift of Prof. Murray Selkirk,

Imperial College London) [62] was cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)

supplemented with 10% FCS, 1% glutamine and 10,000 U/ ml penicillin-streptomycin. Macro-

phages were plated onto glass coverslips (22x 22 mm) in 6-well plates (1x 106 per well), and

allowed to adhere for two hours at 37˚C. In order to trigger classical macrophage activation

[31], macrophages were primed with LPS (Lipopolysaccharides E. coli) at 100 ng/ ml and

mouse IFN-γ (interferon gamma) at 20 ng/ ml 24 hours prior to co-cultivation with trypano-

somes [32].

For the macrophage phagocytosis experiments, T. brucei 221VG1.1 (3 x 106) was opsonised

with 10% normal mouse serum (NMS) for 30 minutes at 37˚C in HMI-9 medium supple-

mented with 15% FCS. Complement-rich NMS was obtained from CD-1 mice, and is a kind

gift of Prof. Paul Morgan (University of Cardiff). CD-1 mice are wild type for complement C5

as well as other components of the terminal complement pathway, and have functional serum

complement activity of the classical, lectin and alternative complement pathways at the level of

C9 activation (S1 Fig) [36, 63]. Alternatively, trypanosomes were incubated with a 1:5000 dilu-

tion of polyclonal rabbit anti-VSG221 antibody (gift of Jay Bangs, SUNY Buffalo) in the pres-

ence or absence of NMS for 30 minutes at 37˚C. This antibody dilution is not in excess (S2

Fig). The host opsonins (either complement or antibodies) were not removed before incuba-

tion with mouse macrophages.

During the macrophage phagocytosis assay, trypanosomes were co-cultured with

RAW264.7 macrophages for one hour at 37˚C. Culture medium was removed from each well,

and the cells were fixed immediately with 2% paraformaldehyde (PFA) for 20 minutes at room

temperature. Cells were subsequently washed with PBS buffer, and permeabilised in methanol

at -20˚C for 30 seconds. T. brucei flagella were next stained with a mouse monoclonal anti-

PFR2 antibody (L8C4) (gift of Keith Gull, University of Oxford) [33], and an anti-mouse

Alexa Fluor 594 antibody (Molecular Probes, Life Technologies. The coverslips were removed,

mounted onto glass slides and analysed by immunofluorescence microscopy.

Immunofluorescence microscopy and flow cytometry

Fixed cells were mounted in Vectashield mounting medium containing DAPI (1.5 μg/ ml)

(Vector Laboratories). Microscopic analysis was performed using a Zeiss Imager.M1 micro-

scope. Images were obtained using a Zeiss AxioCam Mrm camera and analysed using Zeiss
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AxioVision4.8 software. ImageJ was used for image analysis [64]. For flow cytometry, fixed

cells were permeabilised with 0.1% Triton X-100 for five minutes at room temperature and

washed in PBS buffer. Cells were next incubated with RNAse A (1 μg/ ml) and propidium

iodide (10 μg/ ml) to stain for DNA, before resuspension in PBS buffer for flow cytometry

analysis. Cells were analysed using a BD LSRFortessa cell analyser and analysis was performed

using FlowJo software.

Surface VSG-antibody clearance and biotinylated VSG uptake assays

T. brucei 221VB1.2 was cooled to 4˚C to block endocytosis, and incubated with a 1:5000 dilu-

tion of rabbit polyclonal anti-VSG221 antibody for one hour to coat the cells with this anti-

body. Cells were subsequently transferred to 37˚C to reactivate endocytosis for 0, 0.5, 1, 2, 4, 8

or 16 minutes and then diluted in trypanosome dilution buffer (TBD)(5 mM KCl, 80 mM

NaCl, 1 mM MgSO4, 20 mM Na2HPO4, 2 mM NaH2PO4, and 0.36% glucose, pH 7.4). Cells

were then fixed in 2% PFA for 20 minutes at room temperature, and analysed by flow cytome-

try or immunofluorescence microscopy. Clearance of surface VSG-antibody was expressed as

the half-life in the decrease in fluorescence from the trypanosome cell surface. Quantitation of

surface VSG-antibody clearance was calculated from flow cytometry data (three independent

biological replicates) as described in [24].

The protocol used to visualise internalisation of anti-VSG221 antibodies using immunoflu-

orescence microscopy is described in [39]. In order to prevent degradation of anti-VSG221

antibodies in the lysosome, T. brucei 221VB1.2 cells were incubated with FMK-024, an inhibi-

tor of cathepsin B and L (morpholinourea-phenylalanine-homophenylalanine-fluoromethylk-

etone)(MP Biochemicals) at an end concentration of 20 μM for 1 hour at 37˚C [39]. Cells were

subsequently cooled to 4˚C in 1% BSA/ TDB and coated with rabbit polyclonal anti-VSG221

antibody for 1 hour. Cells were subsequently transferred to 37˚C for 0, 8, 16 and 32 minutes.

Immediately after incubation, cells were washed in TDB and fixed in 2% paraformaldehyde

and permeabilised using 0.1% Triton X-100 at room temperature. Cells were then allowed to

settle for 1 hour on microscopy slides and blocked with 2% BSA in PBS. To visualise the lyso-

some, cells were stained with mouse anti-p67 antibody. The antibodies were detected using

goat anti-rabbit Alexa Fluor 488 or goat anti-mouse Alexa Fluor 594 antibodies, before analysis

by immunofluorescence microscopy.

For the assays measuring uptake of biotinylated VSG, biotinylation of surface VSG and the

subsequent VSG endocytosis assay was performed essentially as described in Engstler et al [20].

Cells (1 x 107) were harvested and cooled to 4˚C to block endocytosis. Cells were washed in

TDB, and resuspended at a density of 1 x108 cells/ ml, followed by a 10 minute incubation with

1 mM EZ-Link sulfo-NHS-SS-Biotin (Life Technologies) at 4˚C. 10 mM Tris buffer (pH 7.5)

was then added, and 1 x 107 cells were transferred to pre-warmed HMI-9 medium with 10%

FCS and incubated at 37˚C to reinitiate endocytosis for 0, 0.5, 1, 1.5, 3, 6 or 12 minutes. Endocy-

tosis was stopped by adding excess ice-cold stripping buffer (60% HMI-9, 10% FCS, 50 mM glu-

tathione pH 9.0). Cells were washed in PBS/ 2% bovine serum albumin (BSA), fixed in 2% PFA

and resuspended in 100 mM Na2HPO4/ 100 mM glycine pH 7.2 for 15 minutes. Cells were then

permeabilised using 0.1% Triton X-100 and resuspended in 10 μg/ ml Streptavidin-Alexa Fluor

488 (Molecular Probes, Life Technologies) for one hour in the dark at room temperature. Cells

were subsequently analysed by immunofluorescence microscopy or flow cytometry.

Endocytosis assays

T. brucei 221VB1.2 cells (5 x 106) were harvested per condition and cooled to 4˚C to stop endo-

cytosis. Cells were washed in TDB before being resuspended in TDB with the addition of either
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Dylight 488 labelled tomato lectin at 5 μg/ ml (Vector Labs), AlexaFluor 488 conjugated

human transferrin at 50 μg/ ml (Life Technologies) or 10,000 MW AlexaFluor conjugated dex-

tran at 5 mg/ ml (Life Technologies). Cells were subsequently transferred (without a wash

step) to 37˚C to re-activate endocytosis for 0, 0.5, 1, 2, 4, 8 or 16 minutes (in experiments fol-

lowing uptake of tomato lectin or transferrin) or 0, 1, 2, 4, 8, 16 or 32 minutes (in experiments

following uptake of dextran). Cells were then washed in TDB, fixed in 2% PFA for 20 minutes

and analysed by flow cytometry. Statistical analyses of VSG221 antibody clearance or uptake of

the various endocytosis markers was performed by first fitting each data set to the non-linear

regression model using the GraphPad Prism software. The half-time of uptake was then calcu-

lated for each data set and analysed using the Student’s t-test.

Time-lapse live cell video microscopy

VSG synthesis was blocked in T. brucei 221VB1.2 cells by the induction of VSG221 RNAi with

tetracycline (1 μg/ ml) for eight hours prior to image capture. Cells (10 μl) in HMI-9 medium

with the addition of 15% FCS were transferred into a chamber that was 0.1 mm deep (BIOP-

TECHS FCS2 & FCS3 closed chamber system), sealed with a coverslip, and allowed to equili-

brate at 37˚C for ten minutes. Cells were observed by bright-field light videomicroscopy using

a Leica DM5500B microscope with a 10X NA 0.40 objective lens on a focal point midway

through the sample depth. Each image was captured every 200 millisecond (5 Hz) for 512

frames (1.7 minutes) with an exposure time of 1 millisecond. Analysis of the videomicrographs

was performed using custom designed macros on ImageJ [64]. Particles were identified using

an intensity maxima algorithm. Tracks were constructed for each cell by finding the nearest

particle to the expected cell location based on its motion in the previous two frames. Tracks

were terminated if no particle was found within ten pixels (6.44 μm). Cell mean swimming

speed, velocity and directional persistence were calculated from cell tracks as previously

described [46]. Velocity is defined as total displacement over track length, while average speed

is total distance travelled over track length. Statistical analyses on the mean swimming speed,

velocity and directional persistence were performed using the Student’s t-test (n = 2500).

μManager software was used for video capture [65].

Supporting Information

S1 Fig. Normal mouse serum is complement active. The effect of opsonisation on the viabil-

ity of T. brucei after the induction of VSG RNAi. VSG221 RNAi was induced in T. brucei
221VG1.1 for eight hours (h). Cells were either left untreated, or incubated with 10% normal

mouse serum (NMS) from CD-1 mice, rabbit polyclonal anti-VSG221 antibody (1:5000 dilu-

tion) or both NMS and anti-VSG221 antibody. The number of live T. brucei was counted

using a haemocytometer before and after the 90 minute incubation period. The number of live

trypanosomes at 0 minutes is normalised to 100%, and the number after the 90 minute incuba-

tion is expressed as a relative percentage. Data show the average percentage (%) of viable try-

panosomes from four independent biological replicates. Statistical analysis was performed

using the Student’s t-test with the asterisk (�) indicating �P<0.05.

(TIF)

S2 Fig. The anti-VSG221 antibody used was not at saturating concentrations. (A) Antibody

saturation assay. T. brucei 221VB1.2 was cooled to 4˚C to block endocytosis, and incubated

with polyclonal rabbit anti-VSG221 antibody (1:5000 dilution) for one hour to coat the cells

(1st incubation). The trypanosomes were subsequently centrifuged, and the supernatant

removed. The supernatant was subsequently incubated with new T. brucei (2nd incubation).
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Cells retrieved after these two incubation steps were fixed in 2% PFA and incubated with the

secondary goat anti-rabbit antibody coupled to Alexa Fluor 488. The amount of surface

bound anti-VSG221 antibody was assessed using flow cytometry. (B) The amount of anti-

VSG221 antibody present on the surface of cells which were incubated only with the primary

anti-VSG221 antibody (1˚ Ab only), or the secondary goat anti-VSG221 antibody (2˚ Ab

only) or using both antibodies after the first incubation. Anti-VSG221 antibody levels were

also determined on fresh T. brucei after incubation with the supernatant (2nd incubation).

These experiments were performed in cells in the presence or absence of VSG221 RNAi for

eight hours (h).

(TIF)

S3 Fig. Blocking synthesis of the essential chromatin protein TDP1 does not result in a

decrease in clearance of surface-bound anti-VSG221 antibodies. (A) Surface clearance of

anti-VSG221 antibodies was measured using flow cytometry in T. brucei 90–13 TDPC1 cells

where TDP1 RNAi was induced for 0 or 24 hours (h). The cells were next transferred to 4˚C to

arrest endocytosis, and then opsonised with anti-VSG221 antibodies. Cells were subsequently

transferred to 37˚C to reinitiate endocytosis for the time indicated in minutes. The reaction

was then stopped, the cells were fixed and stained with secondary antibody coupled to Alexa

Fluor 488 and propidium iodide to stain DNA. The amount of surface-bound anti-VSG221

antibody was determined at the G1 (orange), S phase (blue) or G2/ M (purple) cell cycle stages.

(B) Quantitation of the reduced clearance of anti-VSG221 antibody after blocking TDP1 syn-

thesis. Mean fluorescence intensities are shown as a percentage (%) of the value at 0 minutes.

The results that are shown are the mean of three independent biological replicates with the

standard deviation indicated with error bars. (C) Quantitation of the half-life of anti-VSG221

antibodies after blocking TDP1 synthesis. Results shown are the mean of three independent

biological replicates with the standard deviation indicated with error bars. After fitting each

data set to the non-linear regression model, statistical analysis was performed using the Stu-

dent’s t-test.

(TIF)

S4 Fig. Quantitation of VSG221 after the induction of VSG221 RNAi. (A) Quantitation of

total VSG221 in T. brucei after the induction of VSG221 RNAi for eight hours, using LiCor

analysis of protein lysates. Two fold dilutions of cell extract containing 2 x 104 cells per well are

analysed. The T. brucei SM221pur cell line expresses VSG221 and T. brucei HN1(V02+)

expresses VSGV02 [66]. The BF T. brucei 221VG1.1 was analysed before or after the induction

of VSG221 RNAi for eight hours. The Hsp70 protein was used as a loading control [40]. (B)

Quantitation of total VSG221 normalised to Hsp70. (C) The amount of VSG present on the T.

brucei surface after the induction of VSG RNAi for 8 hours as assessed using biotinylation. T.

brucei 221VB1.2 cells were cooled to 4˚C to stop endocytosis, and then biotinylated using 1

mM biotin [20]. Cells were fixed, and biotinylation of surface VSG was detected using Alex-

a488-conjugated streptavidin and quantitated by flow cytometry. T. brucei DNA was simulta-

neously stained with propidium iodide and cells were analysed according to respective cell

cycle stage: G1, S and G2-M. The overall change in biotinylation of the whole population is

indicated under “total”. Results shown are the mean of three independent biological replicates

with the standard deviation indicated with error bars. Statistical analysis was performed using

the Student’s t-test �P<0.05. (D) Quantification of anti-VSG221 antibody present on the try-

panosome cell surface in the presence or absence of VSG221 RNAi for 8 hours. Cells were

incubated with anti-VSG221 antibody at 4˚C. Surface antibody binding was detected using an

Alexa 488-conjugated secondary antibody, and total fluorescence was quantitated by flow

cytometry. Results shown are the mean of three independent biological replicates with the

VSG Synthesis Block Results in Reduced Antibody Clearance

PLOS Pathogens | DOI:10.1371/journal.ppat.1006023 November 28, 2016 23 / 27

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006023.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006023.s004


standard deviation indicated with error bars. Statistical analysis was performed using the Stu-

dent’s t-test �P<0.05.

(TIF)

S5 Fig. The average swim speed is not significantly affected by blocking VSG221 synthesis

for 8 hours (h). Either the whole cell population (pop.) or bi-flagellated cells were analysed.

Bi-flagellated cells were selected manually from the videos of three independent biological rep-

licates. 1500 tracks from the whole cell population or 50 tracks from bi-flagellated cells were

analysed. The swim speed is shown in μm per second (s). Statistical significance was deter-

mined with Student’s t-test (���P<0.0001).

(TIF)

Acknowledgments

We are extremely grateful to Prof. Keith Gull and Dr. Samantha Griffiths (University of

Oxford) for sharing data and protocols on macrophage phagocytosis of trypanosomes, and to

the Gull lab for antibodies and help with analysis of trypanosome motility. We thank Dr. Eva

Gluenz (University of Oxford) for advice on the macrophage experiments, Dr. Sue Vaughan

(Oxford Brookes University) for help with immunofluorescence microscopy, and Prof. Sia-

mon Gordon (University of Oxford) for stimulating discussions and advice about macro-

phages. We thank Dr. Jesse Taylor (Arizona State University) for advice with the statistical

analysis. We are grateful to Prof. Murray Selkirk, Rachel Vaux and Dr. Corinna Schnoeller for

providing macrophage cell lines and advice with cell culture, to Prof. Paul Morgan (University

of Cardiff) for providing normal mouse serum and Prof. Jay Bangs (SUNY Buffalo) for provid-

ing antibodies and stimulating discussions. In addition, we would like to thank Elaine Pegg,

Louise Kerry, James Budzak, Haneesh Sidhu and Yuxiang Zhang for discussions and com-

ments on the manuscript and Louise Kerry for help with some of the microscopy analyses.

Author Contributions

Conceptualization: JLYC CPO RJW GR.

Formal analysis: JLYC CPO RJW.

Funding acquisition: GR.

Investigation: JLYC NVW CPO SR.

Project administration: RJW GR.

Supervision: RJW GR.

Writing – original draft: JLYC GR.

Writing – review & editing: JLYC RJW GR.

References
1. Franco JR, Simarro PP, Diarra A, Jannin JG. Epidemiology of human African trypanosomiasis. Clinical

epidemiology. 2014; 6:257–75. doi: 10.2147/CLEP.S39728 PMID: 25125985.

2. Fevre EM, Wissmann BV, Welburn SC, Lutumba P. The burden of human African trypanosomiasis.

PLoS neglected tropical diseases. 2008; 2(12):e333. doi: 10.1371/journal.pntd.0000333 PMID:

19104653.

3. Cross GA. Identification, purification and properties of clone-specific glycoprotein antigens constituting

the surface coat of Trypanosoma brucei. Parasitology. 1975; 71(3):393–417. PMID: 645.

VSG Synthesis Block Results in Reduced Antibody Clearance

PLOS Pathogens | DOI:10.1371/journal.ppat.1006023 November 28, 2016 24 / 27

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006023.s005
http://dx.doi.org/10.2147/CLEP.S39728
http://www.ncbi.nlm.nih.gov/pubmed/25125985
http://dx.doi.org/10.1371/journal.pntd.0000333
http://www.ncbi.nlm.nih.gov/pubmed/19104653
http://www.ncbi.nlm.nih.gov/pubmed/645


4. Schwede A, Carrington M. Bloodstream form Trypanosome plasma membrane proteins: antigenic vari-

ation and invariant antigens. Parasitology. 2010; 137(14):2029–39. doi: 10.1017/S0031182009992034

PMID: 20109254.

5. Marcello L, Barry JD. Analysis of the VSG gene silent archive in Trypanosoma brucei reveals that

mosaic gene expression is prominent in antigenic variation and is favored by archive substructure.

Genome Res. 2007; 17(9):1344–52. doi: 10.1101/gr.6421207 PMID: 17652423.

6. Hertz-Fowler C, Figueiredo LM, Quail MA, Becker M, Jackson A, Bason N, et al. Telomeric expression

sites are highly conserved in Trypanosoma brucei. PLoS One. 2008; 3(10):e3527. Epub 2008/10/28.

doi: 10.1371/journal.pone.0003527 PMID: 18953401.

7. Glover L, Hutchinson S, Alsford S, McCulloch R, Field MC, Horn D. Antigenic variation in African try-

panosomes: the importance of chromosomal and nuclear context in VSG expression control. Cell Micro-

biol. 2013; 15(12):1984–93. doi: 10.1111/cmi.12215 PMID: 24047558.

8. Horn D, McCulloch R. Molecular mechanisms underlying the control of antigenic variation in African try-

panosomes. Curr Opin Microbiol. 2010; 13(6):700–5. doi: 10.1016/j.mib.2010.08.009 PMID: 20884281.

9. Schwede A, Macleod OJ, MacGregor P, Carrington M. How Does the VSG Coat of Bloodstream Form

African Trypanosomes Interact with External Proteins? PLoS Pathog. 2015; 11(12):e1005259. doi: 10.

1371/journal.ppat.1005259 PMID: 26719972.

10. Grunfelder CG, Engstler M, Weise F, Schwarz H, Stierhof YD, Boshart M, et al. Accumulation of a GPI-

anchored protein at the cell surface requires sorting at multiple intracellular levels. Traffic. 2002; 3

(8):547–59. PMID: 12121418.

11. Mehlert A, Bond CS, Ferguson MA. The glycoforms of a Trypanosoma brucei variant surface glycopro-

tein and molecular modeling of a glycosylated surface coat. Glycobiology. 2002; 12(10):607–12. PMID:

12244073.

12. Wang YN, Wang M, Field MC. Trypanosoma brucei: trypanosome-specific endoplasmic reticulum pro-

teins involved in variant surface glycoprotein expression. Exp Parasitol. 2010; 125(3):208–21. doi: 10.

1016/j.exppara.2010.01.015 PMID: 20109450.

13. Sheader K, Vaughan S, Minchin J, Hughes K, Gull K, Rudenko G. Variant surface glycoprotein RNA

interference triggers a precytokinesis cell cycle arrest in African trypanosomes. Proc Natl Acad Sci U S

A. 2005; 102(24):8716–21. PMID: 15937117. doi: 10.1073/pnas.0501886102

14. Smith TK, Vasileva N, Gluenz E, Terry S, Portman N, Kramer S, et al. Blocking variant surface glycopro-

tein synthesis in Trypanosoma brucei triggers a general arrest in translation initiation. PLoS One. 2009;

4(10):e7532. Epub 2009/10/27. doi: 10.1371/journal.pone.0007532 PMID: 19855834.

15. Schwede A, Jones N, Engstler M, Carrington M. The VSG C-terminal domain is inaccessible to antibod-

ies on live trypanosomes. Mol Biochem Parasitol. 2011; 175(2):201–4. doi: 10.1016/j.molbiopara.2010.

11.004 PMID: 21074579.

16. Barry JD. Capping of variable antigen on Trypanosoma brucei, and its immunological and biological sig-

nificance. J Cell Sci. 1979; 37:287–302. PMID: 383734.

17. Balber AE, Bangs JD, Jones SM, Proia RL. Inactivation or elimination of potentially trypanolytic, com-

plement-activating immune complexes by pathogenic trypanosomes. Infect Immun. 1979; 24(3):617–

27. PMID: 468370.

18. Gadelha C, Zhang W, Chamberlain JW, Chait BT, Wickstead B, Field MC. Architecture of a Host-Para-

site Interface: Complex Targeting Mechanisms Revealed Through Proteomics. Molecular & cellular pro-

teomics: MCP. 2015; 14(7):1911–26. doi: 10.1074/mcp.M114.047647 PMID: 25931509.

19. Bulow R, Overath P, Davoust J. Rapid lateral diffusion of the variant surface glycoprotein in the coat of

Trypanosoma brucei. Biochemistry. 1988; 27(7):2384–8. PMID: 3382629.

20. Engstler M, Thilo L, Weise F, Grunfelder CG, Schwarz H, Boshart M, et al. Kinetics of endocytosis and

recycling of the GPI-anchored variant surface glycoprotein in Trypanosoma brucei. J Cell Sci. 2004;

117(Pt 7):1105–15. PMID: 14996937. doi: 10.1242/jcs.00938

21. Field MC, Carrington M. The trypanosome flagellar pocket. Nat Rev Microbiol. 2009; 7(11):775–86. doi:

10.1038/nrmicro2221 PMID: 19806154.

22. Wang J, Bohme U, Cross GA. Structural features affecting variant surface glycoprotein expression in

Trypanosoma brucei. Mol Biochem Parasitol. 2003; 128(2):135–45. PMID: 12742580.

23. O’Beirne C, Lowry CM, Voorheis HP. Both IgM and IgG anti-VSG antibodies initiate a cycle of aggrega-

tion-disaggregation of bloodstream forms of Trypanosoma brucei without damage to the parasite. Mol

Biochem Parasitol. 1998; 91(1):165–93. PMID: 9574934.

24. Engstler M, Pfohl T, Herminghaus S, Boshart M, Wiegertjes G, Heddergott N, et al. Hydrodynamic flow-

mediated protein sorting on the cell surface of trypanosomes. Cell. 2007; 131(3):505–15. doi: 10.1016/j.

cell.2007.08.046 PMID: 17981118.

VSG Synthesis Block Results in Reduced Antibody Clearance

PLOS Pathogens | DOI:10.1371/journal.ppat.1006023 November 28, 2016 25 / 27

http://dx.doi.org/10.1017/S0031182009992034
http://www.ncbi.nlm.nih.gov/pubmed/20109254
http://dx.doi.org/10.1101/gr.6421207
http://www.ncbi.nlm.nih.gov/pubmed/17652423
http://dx.doi.org/10.1371/journal.pone.0003527
http://www.ncbi.nlm.nih.gov/pubmed/18953401
http://dx.doi.org/10.1111/cmi.12215
http://www.ncbi.nlm.nih.gov/pubmed/24047558
http://dx.doi.org/10.1016/j.mib.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20884281
http://dx.doi.org/10.1371/journal.ppat.1005259
http://dx.doi.org/10.1371/journal.ppat.1005259
http://www.ncbi.nlm.nih.gov/pubmed/26719972
http://www.ncbi.nlm.nih.gov/pubmed/12121418
http://www.ncbi.nlm.nih.gov/pubmed/12244073
http://dx.doi.org/10.1016/j.exppara.2010.01.015
http://dx.doi.org/10.1016/j.exppara.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20109450
http://www.ncbi.nlm.nih.gov/pubmed/15937117
http://dx.doi.org/10.1073/pnas.0501886102
http://dx.doi.org/10.1371/journal.pone.0007532
http://www.ncbi.nlm.nih.gov/pubmed/19855834
http://dx.doi.org/10.1016/j.molbiopara.2010.11.004
http://dx.doi.org/10.1016/j.molbiopara.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21074579
http://www.ncbi.nlm.nih.gov/pubmed/383734
http://www.ncbi.nlm.nih.gov/pubmed/468370
http://dx.doi.org/10.1074/mcp.M114.047647
http://www.ncbi.nlm.nih.gov/pubmed/25931509
http://www.ncbi.nlm.nih.gov/pubmed/3382629
http://www.ncbi.nlm.nih.gov/pubmed/14996937
http://dx.doi.org/10.1242/jcs.00938
http://dx.doi.org/10.1038/nrmicro2221
http://www.ncbi.nlm.nih.gov/pubmed/19806154
http://www.ncbi.nlm.nih.gov/pubmed/12742580
http://www.ncbi.nlm.nih.gov/pubmed/9574934
http://dx.doi.org/10.1016/j.cell.2007.08.046
http://dx.doi.org/10.1016/j.cell.2007.08.046
http://www.ncbi.nlm.nih.gov/pubmed/17981118


25. Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annual review of immunology.

1999; 17:593–623. doi: 10.1146/annurev.immunol.17.1.593 PMID: 10358769.

26. Pluddemann A, Mukhopadhyay S, Gordon S. Innate immunity to intracellular pathogens: macrophage

receptors and responses to microbial entry. Immunological reviews. 2011; 240(1):11–24. doi: 10.1111/j.

1600-065X.2010.00989.x PMID: 21349083.

27. Salmon D, Vanwalleghem G, Morias Y, Denoeud J, Krumbholz C, Lhomme F, et al. Adenylate cyclases

of Trypanosoma brucei inhibit the innate immune response of the host. Science. 2012; 337(6093):463–

6. doi: 10.1126/science.1222753 PMID: 22700656.

28. Lopez R, Demick KP, Mansfield JM, Paulnock DM. Type I IFNs play a role in early resistance, but sub-

sequent susceptibility, to the African trypanosomes. J Immunol. 2008; 181(7):4908–17. PMID:

18802094.

29. Stijlemans B, Vankrunkelsven A, Brys L, Raes G, Magez S, De Baetselier P. Scrutinizing the mecha-

nisms underlying the induction of anemia of inflammation through GPI-mediated modulation of macro-

phage activation in a model of African trypanosomiasis. Microbes Infect. 2010; 12(5):389–99. doi: 10.

1016/j.micinf.2010.02.006 PMID: 20197106.

30. Beschin A, Van Den Abbeele J, De Baetselier P, Pays E. African trypanosome control in the insect vec-

tor and mammalian host. Trends Parasitol. 2014; 30(11):538–47. doi: 10.1016/j.pt.2014.08.006 PMID:

25246021.

31. Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S. Macrophage receptors and

immune recognition. Annual review of immunology. 2005; 23:901–44. doi: 10.1146/annurev.immunol.

23.021704.115816 PMID: 15771589.

32. Noda T, Amano F. Differences in nitric oxide synthase activity in a macrophage-like cell line, RAW264.7

cells, treated with lipopolysaccharide (LPS) in the presence or absence of interferon-gamma (IFN-

gamma): possible heterogeneity of iNOS activity. Journal of biochemistry. 1997; 121(1):38–46. PMID:

9058189.

33. Kohl L, Sherwin T, Gull K. Assembly of the paraflagellar rod and the flagellum attachment zone complex

during the Trypanosoma brucei cell cycle. J Eukaryot Microbiol. 1999; 46(2):105–9. PMID: 10361731.

34. Bohlson SS, O’Conner SD, Hulsebus HJ, Ho MM, Fraser DA. Complement, c1q, and c1q-related mole-

cules regulate macrophage polarization. Frontiers in immunology. 2014; 5:402. doi: 10.3389/fimmu.

2014.00402 PMID: 25191325.

35. Dunkelberger JR, Song WC. Complement and its role in innate and adaptive immune responses. Cell

research. 2010; 20(1):34–50. doi: 10.1038/cr.2009.139 PMID: 20010915.

36. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders G, Jansen A, Rutjes H, et al. Sex matters: Systemic

complement activity of female C57BL/6J and BALB/cJ mice is limited by serum terminal pathway com-

ponents. Mol Immunol. 2016; 76:13–21. doi: 10.1016/j.molimm.2016.06.004 PMID: 27337595.

37. Narayanan MS, Rudenko G. TDP1 is an HMG chromatin protein facilitating RNA polymerase I tran-

scription in African trypanosomes. Nucleic Acids Res. 2013; 41(5):2981–92. doi: 10.1093/nar/gks1469

PMID: 23361461.

38. Pal A, Hall BS, Jeffries TR, Field MC. Rab5 and Rab11 mediate transferrin and anti-variant surface gly-

coprotein antibody recycling in Trypanosoma brucei. The Biochemical journal. 2003; 374(Pt 2):443–51.

doi: 10.1042/BJ20030469 PMID: 12744719.

39. Triggs VP, Bangs JD. Glycosylphosphatidylinositol-dependent protein trafficking in bloodstream stage

Trypanosoma brucei. Eukaryot Cell. 2003; 2(1):76–83. PMID: 12582124. doi: 10.1128/EC.2.1.76-83.

2003

40. Schwartz KJ, Peck RF, Bangs JD. Intracellular trafficking and glycobiology of TbPDI2, a stage-specific

protein disulfide isomerase in Trypanosoma brucei. Eukaryot Cell. 2013; 12(1):132–41. doi: 10.1128/

EC.00293-12 PMID: 23159520.

41. Peck RF, Shiflett AM, Schwartz KJ, McCann A, Hajduk SL, Bangs JD. The LAMP-like protein p67 plays

an essential role in the lysosome of African trypanosomes. Mol Microbiol. 2008; 68(4):933–46. doi: 10.

1111/j.1365-2958.2008.06195.x PMID: 18430083.

42. Silverman JS, Schwartz KJ, Hajduk SL, Bangs JD. Late endosomal Rab7 regulates lysosomal traffick-

ing of endocytic but not biosynthetic cargo in Trypanosoma brucei. Mol Microbiol. 2011; 82(3):664–78.

doi: 10.1111/j.1365-2958.2011.07842.x PMID: 21923766.

43. Broadhead R, Dawe HR, Farr H, Griffiths S, Hart SR, Portman N, et al. Flagellar motility is required for

the viability of the bloodstream trypanosome. Nature. 2006; 440(7081):224–7. doi: 10.1038/

nature04541 PMID: 16525475.

44. Griffiths S, Portman N, Taylor PR, Gordon S, Ginger ML, Gull K. RNA interference mutant induction in

vivo demonstrates the essential nature of trypanosome flagellar function during mammalian infection.

Eukaryot Cell. 2007; 6(7):1248–50. doi: 10.1128/EC.00110-07 PMID: 17513568.

VSG Synthesis Block Results in Reduced Antibody Clearance

PLOS Pathogens | DOI:10.1371/journal.ppat.1006023 November 28, 2016 26 / 27

http://dx.doi.org/10.1146/annurev.immunol.17.1.593
http://www.ncbi.nlm.nih.gov/pubmed/10358769
http://dx.doi.org/10.1111/j.1600-065X.2010.00989.x
http://dx.doi.org/10.1111/j.1600-065X.2010.00989.x
http://www.ncbi.nlm.nih.gov/pubmed/21349083
http://dx.doi.org/10.1126/science.1222753
http://www.ncbi.nlm.nih.gov/pubmed/22700656
http://www.ncbi.nlm.nih.gov/pubmed/18802094
http://dx.doi.org/10.1016/j.micinf.2010.02.006
http://dx.doi.org/10.1016/j.micinf.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20197106
http://dx.doi.org/10.1016/j.pt.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25246021
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115816
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115816
http://www.ncbi.nlm.nih.gov/pubmed/15771589
http://www.ncbi.nlm.nih.gov/pubmed/9058189
http://www.ncbi.nlm.nih.gov/pubmed/10361731
http://dx.doi.org/10.3389/fimmu.2014.00402
http://dx.doi.org/10.3389/fimmu.2014.00402
http://www.ncbi.nlm.nih.gov/pubmed/25191325
http://dx.doi.org/10.1038/cr.2009.139
http://www.ncbi.nlm.nih.gov/pubmed/20010915
http://dx.doi.org/10.1016/j.molimm.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27337595
http://dx.doi.org/10.1093/nar/gks1469
http://www.ncbi.nlm.nih.gov/pubmed/23361461
http://dx.doi.org/10.1042/BJ20030469
http://www.ncbi.nlm.nih.gov/pubmed/12744719
http://www.ncbi.nlm.nih.gov/pubmed/12582124
http://dx.doi.org/10.1128/EC.2.1.76-83.2003
http://dx.doi.org/10.1128/EC.2.1.76-83.2003
http://dx.doi.org/10.1128/EC.00293-12
http://dx.doi.org/10.1128/EC.00293-12
http://www.ncbi.nlm.nih.gov/pubmed/23159520
http://dx.doi.org/10.1111/j.1365-2958.2008.06195.x
http://dx.doi.org/10.1111/j.1365-2958.2008.06195.x
http://www.ncbi.nlm.nih.gov/pubmed/18430083
http://dx.doi.org/10.1111/j.1365-2958.2011.07842.x
http://www.ncbi.nlm.nih.gov/pubmed/21923766
http://dx.doi.org/10.1038/nature04541
http://dx.doi.org/10.1038/nature04541
http://www.ncbi.nlm.nih.gov/pubmed/16525475
http://dx.doi.org/10.1128/EC.00110-07
http://www.ncbi.nlm.nih.gov/pubmed/17513568


45. Bargul JL, Jung J, McOdimba FA, Omogo CO, Adung’a VO, Kruger T, et al. Species-Specific Adapta-

tions of Trypanosome Morphology and Motility to the Mammalian Host. PLoS Pathog. 2016; 12(2):

e1005448. doi: 10.1371/journal.ppat.1005448 PMID: 26871910.

46. Zaburdaev V, Uppaluri S, Pfohl T, Engstler M, Friedrich R, Stark H. Langevin dynamics deciphers the

motility pattern of swimming parasites. Phys Rev Lett. 2011; 106(20):208103. doi: 10.1103/

PhysRevLett.106.208103 PMID: 21668266.

47. van Lookeren Campagne M, Wiesmann C, Brown EJ. Macrophage complement receptors and patho-

gen clearance. Cell Microbiol. 2007; 9(9):2095–102. doi: 10.1111/j.1462-5822.2007.00981.x PMID:

17590164.

48. Magez S, Schwegmann A, Atkinson R, Claes F, Drennan M, De Baetselier P, et al. The role of B-cells

and IgM antibodies in parasitemia, anemia, and VSG switching in Trypanosoma brucei-infected mice.

PLoS Pathog. 2008; 4(8):e1000122. doi: 10.1371/journal.ppat.1000122 PMID: 18688274.

49. Nimmerjahn F, Ravetch JV. Fcgamma receptors: old friends and new family members. Immunity. 2006;

24(1):19–28. doi: 10.1016/j.immuni.2005.11.010 PMID: 16413920.

50. Sarma JV, Ward PA. The complement system. Cell and tissue research. 2011; 343(1):227–35. doi: 10.

1007/s00441-010-1034-0 PMID: 20838815.

51. Allen CL, Goulding D, Field MC. Clathrin-mediated endocytosis is essential in Trypanosoma brucei.

EMBO J. 2003; 22(19):4991–5002. doi: 10.1093/emboj/cdg481 PMID: 14517238.

52. Manna PT, Gadelha C, Puttick AE, Field MC. ENTH and ANTH domain proteins participate in AP2-inde-

pendent clathrin-mediated endocytosis. J Cell Sci. 2015; 128(11):2130–42. doi: 10.1242/jcs.167726

PMID: 25908855.

53. Ackers JP, Dhir V, Field MC. A bioinformatic analysis of the RAB genes of Trypanosoma brucei. Mol

Biochem Parasitol. 2005; 141(1):89–97. doi: 10.1016/j.molbiopara.2005.01.017 PMID: 15811530.

54. Heddergott N, Kruger T, Babu SB, Wei A, Stellamanns E, Uppaluri S, et al. Trypanosome motion repre-

sents an adaptation to the crowded environment of the vertebrate bloodstream. PLoS Pathog. 2012; 8

(11):e1003023. doi: 10.1371/journal.ppat.1003023 PMID: 23166495.

55. Kisalu NK, Langousis G, Bentolila LA, Ralston KS, Hill KL. Mouse infection and pathogenesis by Trypa-

nosoma brucei motility mutants. Cell Microbiol. 2014; 16(6):912–24. doi: 10.1111/cmi.12244 PMID:

24286532.

56. Weisse S, Heddergott N, Heydt M, Pflasterer D, Maier T, Haraszti T, et al. A quantitative 3D motility

analysis of Trypanosoma brucei by use of digital in-line holographic microscopy. PLoS One. 2012; 7(5):

e37296. doi: 10.1371/journal.pone.0037296 PMID: 22629379.

57. Uppaluri S, Nagler J, Stellamanns E, Heddergott N, Herminghaus S, Engstler M, et al. Impact of micro-

scopic motility on the swimming behavior of parasites: straighter trypanosomes are more directional.

PLoS computational biology. 2011; 7(6):e1002058. doi: 10.1371/journal.pcbi.1002058 PMID: 21698122.

58. Hirumi H, Hirumi K. Continuous cultivation of Trypanosoma brucei blood stream forms in a medium con-

taining a low concentration of serum protein without feeder cell layers. J Parasitol. 1989; 75(6):985–9.

PMID: 2614608

59. Wirtz E, Leal S, Ochatt C, Cross GA. A tightly regulated inducible expression system for conditional

gene knock-outs and dominant-negative genetics in Trypanosoma brucei. Mol Biochem Parasitol.

1999; 99(1):89–101. PMID: 10215027

60. Sheader K, te Vruchte D, Rudenko G. Bloodstream form-specific up-regulation of silent vsg expression

sites and procyclin in Trypanosoma brucei after inhibition of DNA synthesis or DNA damage. J Biol

Chem. 2004; 279(14):13363–74. PMID: 14726511. doi: 10.1074/jbc.M312307200

61. Wickstead B, Ersfeld K, Gull K. Targeting of a tetracycline-inducible expression system to the transcrip-

tionally silent minichromosomes of Trypanosoma brucei. Mol Biochem Parasitol. 2002; 125(1–2):211–

6. PMID: 12467990.

62. Raschke WC, Baird S, Ralph P, Nakoinz I. Functional macrophage cell lines transformed by Abelson

leukemia virus. Cell. 1978; 15(1):261–7. PMID: 212198.

63. Ooi YM, Colten HR. Genetic defect in secretion of complement C5 in mice. Nature. 1979; 282

(5735):207–8. PMID: 492335.

64. Collins TJ. ImageJ for microscopy. Biotechniques. 2007; 43(1 Suppl):25–30. PMID: 17936939.

65. Edelstein A, Amodaj N, Hoover K, Vale R, Stuurman N. Computer control of microscopes using micro-

Manager. Curr Protoc Mol Biol. 2010; Chapter 14:Unit14 20. doi: 10.1002/0471142727.mb1420s92

PMID: 20890901.

66. Rudenko G, Chaves I, Dirks-Mulder A, Borst P. Selection for activation of a new variant surface glyco-

protein gene expression site in Trypanosoma brucei can result in deletion of the old one. MolBiochem-

Parasitol. 1998; 95:97–109.

VSG Synthesis Block Results in Reduced Antibody Clearance

PLOS Pathogens | DOI:10.1371/journal.ppat.1006023 November 28, 2016 27 / 27

http://dx.doi.org/10.1371/journal.ppat.1005448
http://www.ncbi.nlm.nih.gov/pubmed/26871910
http://dx.doi.org/10.1103/PhysRevLett.106.208103
http://dx.doi.org/10.1103/PhysRevLett.106.208103
http://www.ncbi.nlm.nih.gov/pubmed/21668266
http://dx.doi.org/10.1111/j.1462-5822.2007.00981.x
http://www.ncbi.nlm.nih.gov/pubmed/17590164
http://dx.doi.org/10.1371/journal.ppat.1000122
http://www.ncbi.nlm.nih.gov/pubmed/18688274
http://dx.doi.org/10.1016/j.immuni.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16413920
http://dx.doi.org/10.1007/s00441-010-1034-0
http://dx.doi.org/10.1007/s00441-010-1034-0
http://www.ncbi.nlm.nih.gov/pubmed/20838815
http://dx.doi.org/10.1093/emboj/cdg481
http://www.ncbi.nlm.nih.gov/pubmed/14517238
http://dx.doi.org/10.1242/jcs.167726
http://www.ncbi.nlm.nih.gov/pubmed/25908855
http://dx.doi.org/10.1016/j.molbiopara.2005.01.017
http://www.ncbi.nlm.nih.gov/pubmed/15811530
http://dx.doi.org/10.1371/journal.ppat.1003023
http://www.ncbi.nlm.nih.gov/pubmed/23166495
http://dx.doi.org/10.1111/cmi.12244
http://www.ncbi.nlm.nih.gov/pubmed/24286532
http://dx.doi.org/10.1371/journal.pone.0037296
http://www.ncbi.nlm.nih.gov/pubmed/22629379
http://dx.doi.org/10.1371/journal.pcbi.1002058
http://www.ncbi.nlm.nih.gov/pubmed/21698122
http://www.ncbi.nlm.nih.gov/pubmed/2614608
http://www.ncbi.nlm.nih.gov/pubmed/10215027
http://www.ncbi.nlm.nih.gov/pubmed/14726511
http://dx.doi.org/10.1074/jbc.M312307200
http://www.ncbi.nlm.nih.gov/pubmed/12467990
http://www.ncbi.nlm.nih.gov/pubmed/212198
http://www.ncbi.nlm.nih.gov/pubmed/492335
http://www.ncbi.nlm.nih.gov/pubmed/17936939
http://dx.doi.org/10.1002/0471142727.mb1420s92
http://www.ncbi.nlm.nih.gov/pubmed/20890901

