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SURFACE COAT REPLACEMENT DYNAMICS AND ANTIGEN GLYCOSYLATION IN
T. BRUCEI INFLUENCE EVASION OF THE HOST ANTIBODY RESPONSE
Jason M. Pinger, Ph.D.

The Rockefeller University 2018

The protozoan parasite Trypanosoma brucei, a causative agent of human and animal
trypanosomiasis, evades host immunity through antigenic variation of its variant surface
glycoprotein (VSG) coat. During infection, the VSG coat elicits a robust antibody response, but
the parasite escapes antibody-mediated clearance by repeatedly accessing its large genomic VSG
repertoire and switching expression to antigenically distinct VSGs. Much of our knowledge of
the process of VSG switching and the extent of VSG diversity has come from genetic analyses,
but deep understanding of the 7. brucei host-pathogen interface also requires examination of
these topics at the protein level. In this thesis, I describe two protein-based studies of the VSG
coat that reveal factors influencing trypanosome evasion of the host antibody response.

First, I discuss my examination of the dynamics of VSG coat replacement following a
genetic VSG switch, and the impact of this process on the parasite’s ability to escape the
escalating host antibody response. Using a flow cytometry-based measurement strategy, I
evaluated the rate of VSG replacement at the trypanosome surface, and showed that full coat
replacement requires several days to complete. I then demonstrated through in vivo infection
assays that parasites undergoing coat replacement are only vulnerable to clearance via early IgM
antibodies for a limited time. Finally, IgM binding analyses and molecular modeling indicated
that IgM loses its ability to mediate trypanosome clearance at unexpectedly early stages of coat

replacement based on a critical density threshold of its cognate VSGs on the parasite surface.



In the second part of this thesis, I describe a collaborative body of work examining the
biochemical features of VSG3 (also termed MITat1.3 and VSG224) and their relevance to
parasite interactions with host immunity. The crystal structure of VSG3 was solved, and analysis
of the high-resolution structure revealed a glycan of a form previously unidentified in 7. brucei,
which was centrally located within a region likely to be involved in VSG-antibody interactions.
Subsequent mouse infection and antibody binding analyses demonstrated that this VSG
modification increases parasite virulence and facilitates evasion of host antibodies.

Together, these studies increase our understanding of 7. brucei infection dynamics and
reveal that additional layers of VSG diversity can affect parasite immune evasion. The
identification of an antigen density threshold for in vivo IgM functionality may also inform other
systems in which IgM plays a crucial role. These results affirm that much remains to be learned
about the interactions of the VSG coat with the host antibody response. Further examination of
VSG biochemical diversity and the VSG-antibody interface may provide additional insights into
T. brucei pathogenesis and potentially carry implications for other host-pathogen interactions or

immune interactions in general.
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Chapter 1

Introduction
1.1 African trypanosomes and trypanosomiasis

Human African trypanosomiasis (HAT), also known as African sleeping sickness, is an
infectious disease that affects large regions of sub-Saharan Africa. It is transmitted between hosts
by the bite of the tsetse fly (Glossina spp.), and the habitat range of this vector defines the
geographical distribution of HAT endemic regions'. The disease can also transmit between
different mammalian species, and infections in non-human hosts are known as animal African
trypanosomiasis (AAT) or nagana’. In humans, the disease is almost invariably fatal if untreated'.

HAT and AAT are caused by a group of unicellular, protozoan parasites known as
African trypanosomes. Only two subspecies of African trypanosome, Trypanosoma brucei
gambiense, and T. brucei rhodesiense are capable of infecting humans, and infections with both
of these subspecies proceed in two stages. First, the parasite inhabits the blood, lymph, and
interstitial fluids of its host, and recent evidence suggests it can also invade fatty tissues’.
Symptoms at this stage are non-specific to trypanosomiasis (e.g. intermittent fever, aches), which
complicates early diagnosis. In the second stage, the parasite crosses the blood-brain barrier and
invades the central nervous system. First stage symptoms persist, accompanied by additional
neurological symptoms such as psychiatric disorders and disturbance of the sleep cycle
(originating the name “African sleeping sickness”), which intensify as the disease progresses.
Drug treatment is possible at both stages, but the comparatively milder drugs used to treat first
stage disease cannot cross the blood-brain barrier, requiring the use of different drugs for second
stage treatment, which are more toxic and difficult to administer'**. The time course of HAT

pathogenesis varies depending on the 7. brucei subspecies causing the infection. 7. b. gambiense,



which is found in western and central Africa, causes a chronic, slowly progressing infection
lasting up to several years. T. b. rhodesiense, found in eastern and southern Africa, typically
causes acute infection, progressing to second stage within weeks, and death within 6 months'.
The vast majority (~97%) of HAT cases are caused by T. b gambiense®.

HAT was a cause of significant mortality through much of the 20" century, but control
measures (including improved diagnosis and disease surveillance, access to treatment, and vector
control) have dramatically reduced the spread of human infection in recent years, with the
number of new reported HAT cases falling from ~40,000 in 1998 to only 2804 in 2015"".
However, the number of reported cases is considered to represent only a fraction of the actual
number of infected individuals, and ~60 million people are still estimated to be at risk of
infection *’. Furthermore, the utility of current HAT treatment options is increasingly threatened
by the development of drug resistance, necessitating continued efforts to discover novel anti-
trypanosomal drugs®.

A more diverse set of African trypanosomes infect animal hosts, including both human-
infectious 7. brucei subspecies, another subspecies T. brucei brucei, and other members of the
Trypanosoma genus, T. congolense, T. vivax, T. evansi, and T. equiperdum * (although recent
phylogenetic analyses suggest that 7. evansi and T. equiperdum, which have long been
considered individual species, may more accurately be described as 7. brucei subspecies’). In
contrast to the human-infectious trypanosomes, many animal-infectious trypanosomes, including
T.vivax, T. evansi, and T. equiperdum, have evolved transmission mechanisms through vectors
other than the tsetse fly. These adaptations have allowed these trypanosomes to spread outside of
Africa into South and Central America, Asia, and parts of southern Europe. The animal-

infectious trypanosome species show diversity in predominant host species affected, disease



pathogenicity, vector, and geographical distribution, and collectively they impose a significant
burden on global agricultural economies due to death and morbidity of cattle and other livestock’.
In Africa alone, the annual economic losses due to AAT are estimated at ~1-5 billion USD*"°.
Additionally, these animal infections may function as a reservoir for human-infectious parasites,
threatening efforts to eradicate African trypanosomiasis as a public health concern'’.

The reason many animal-infectious trypanosomes cannot infect humans is that human
blood contains two innate immune complexes, trypanosome lytic factor 1 (TLF-1) and TLF-2,
which have trypanocidal properties'>'*. On rare occasions, humans can become infected with
animal-infectious parasites". In some cases the individual’s susceptibility to these infections can
be attributed to mutations in TLF components'’, but in other cases the cause of susceptibility is
unknown'’. Human-infectious 7. brucei gambiense and T. brucei rhodesiense have both evolved

mechanisms of inhibiting the action of the TLFs'®*

, and the possibility remains that additional
trypanosome species may evolve resistance mechanisms which allow transfer of these infections
to humans. While the animal-infectious African trypanosome species are all clearly important to
global agriculture and animal health, this thesis will be primarily focused on 7. brucei, the

species more relevant to human infection and the most intensely studied of the African

trypanosomes.

1.2 T. brucei life cycle and transmission

T. brucei inhabits extracellular spaces within both the vector and the mammalian host. In
order to survive in each of these environments and successfully transfer between hosts, the
parasite undergoes a sequence of life cycle stages with adaptive morphologies, proliferative
capacities, and gene expression patterns. The T. brucei life cycle begins when an infected tsetse

fly takes a blood meal, and metacyclic form parasites are transferred into the host bloodstream
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through the fly’s saliva. These trypanosomes first differentiate into their slender bloodstream
form. Slender form parasites are highly proliferative, and divide rapidly until a quorum sensing
mechanism initiates transformation of some parasites into a non-proliferative stumpy
bloodstream form>?**. The mixture of slender, stumpy, and intermediary (transitioning from
slender to stumpy) bloodstream forms is known as “pleomorphism”. Recent T. brucei field
isolates and some lab strains are capable of pleomorphism, but many lab adapted cell lines
(including the Lister 427 cell line used for experiments presented in this thesis) are generally
thought to have lost the ability to differentiate to stumpy forms>. During infection, the growth
arrest of stumpy forms helps prevent rapid host death from slender form overgrowth, which
would threaten subsequent parasite transmission”**’. Stumpy form cells are also especially
adapted for reuptake into the tsetse fly midgut during a subsequent blood meal. They are resistant
to the acidic environment of the midgut™, and their surface receptor profiles and stage of cell-
cycle arrest prime them for rapid differentiation into the next life cycle stage, the procyclic form,
upon receiving midgut environmental cues*’. Procyclic form trypanosomes develop in the fly
gut, sequentially expressing a set of surface proteins called procyclins that protect the parasite
from digestive enzymes’'. These parasites migrate towards the salivary glands, differentiate
again to the epimastigote stage, and attach to the salivary gland epithelium. At this point,
epimastigotes can undergo meiosis and sexual exchange of genetic material’>*. Finally, the
parasites mature again to the mammalian-infectious metacyclic forms, and reside in the salivary

glands until transferring to another host.

1.3  Antigenic variation - the variant surface glycoprotein (VSG) coat

Because T. brucei lives extracellularly within its mammalian host, it is continually

exposed to attack from host immune factors. Long-term parasite persistence in this environment
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is made possible via antigenic variation of the dense, variant surface glycoprotein (VSG) coat
that covers the trypanosome in its bloodstream form. Each parasite expresses one VSG gene at a
time from a genomic repertoire containing thousands of VSG genes **, and is densely coated with
~107 VSGs™°. VSGs are highly immunogenic. During infection, the host develops potent VSG-
specific antibodies that mediate trypanosome clearance, but a minority of parasites evade
clearance by accessing their VSG repertoire and changing their coats to antigenically distinct
VSGs™?*" in a process known as VSG “switching”. These switched parasite populations then
expand within the host until they are cleared, after which additional populations expressing
distinct VSGs emerge again. This cyclical process results in characteristic waves of parasitemia
occurring at approximately 5-8 day intervals during infection, with parasite suppression in sync
with and mediated by the development of repeated primary, VSG-specific antibody responses®*'.

All species of African trypanosomes express VSG coats and use antigenic variation as a
survival strategy, although there are differences between species in the evolution of the genetic
VSG repertoire’**, and there appear to be some species-dependent differences in the genetic
mechanisms regulating VSG diversification*. Other pathogens also utilize similar mechanisms
of antigenic variation to evade host immunity, including Giardia lamblia, which alters its variant
surface protein (VSP) coat, and Plasmodium falciparum, which alters the PFEMP1 proteins it
transports to the surface of infected erythrocytes**. Examination of antigenic variation and the
host-pathogen interface in 7. brucei may thus provide insights that can be applied to additional
clinically relevant pathogens.

The work presented in this thesis will focus on the 7. brucei host-pathogen interface, and

particularly on host antibody interactions with the VSG coat. The remaining sections of this

introduction will therefore predominately describe the current knowledge of the VSG coat,



including its structure, functional attributes, mechanisms of diversification, and interactions with

host immunity.

1.4 Structure of the VSG coat and basis of immune shielding function

VSGs are large surface proteins (50-60 kDa) that are bound to the exterior face of the T.
brucei plasma membrane by a glycosylphosphatidylinositol (GPI) anchor. They are the most
abundant protein in bloodstream form 7. brucei, accounting for about 10% of the total protein
content of the cell, and at least 95% of the protein on the cell surface ****. All VSGs consist of
two domains: a highly variable N-terminal domain (350-400 residues), and a smaller, more
conserved C-terminal domain (20-40 residues) to which the GPI anchor is attached*~. The two
domains are connected by a flexible linker’'. Despite the fact that VSG N-terminal domains
typically share low sequence homology, early structural analyses of the N-terminal domains of
two VSG variants revealed that the VSGs had a conserved structural motif*>**: the VSGs formed
homodimers, and each monomer was structured in a two-lobed, "dumbbell" arrangement, with
the "top" (facing away from the pathogen) and "bottom" regions separated by an elongated 3-
helix bundle. However, the sequences and specific architectures of each VSG varied
considerably, in accordance with their function as antigenic variants. Each VSG also contains at
least one N-linked oligosaccharide™, and in all known structures these glycans are linked to
residues in the bottom lobe of the N-terminus.

Our current model of the larger structure of the VSG coat has been formed and refined by
a series of measurements and observations spanning the past several decades. Early cross-
sectional electron microscopy images of the trypanosome plasma membrane showed a dense
exterior coat with a thickness of 12-15nm™. This measurement, along with later determinations

50,55,56)

of VSG dimensions (derived from VSG crystal structures provided evidence that
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individual VSG homodimers extend vertically from the cell surface. Further calculations based

on estimates of the surface area of a vertically-oriented VSG homodimer, the total trypanosome
cell surface area, and the VSG per cell copy number revealed that the VSGs are extremely tightly
packed, physically occluding the vast majority of the cell surface® ***. Most recently, a study
found that VSGs can adopt two conformations based on flexibility in the orientations of the C-
terminal domain and linker region’'. VSGs were identified in either a taller and thinner “compact”
structure, or a shorter, more expansive “relaxed” structure. The authors concluded that shifting
between these two conformations allows the VSG coat to accommodate variations in the total
amount of surface VSGs while still maintaining occlusion of the plasma membrane.

Dense VSG packing is crucial to the immune shielding function of the VSG coat. Studies
using VSG-specific monoclonal antibodies have shown that only a portion of antibodies
generated against soluble VSGs are able to bind VSGs expressed on living trypanosomes™®~",
The common interpretation of this phenomena is that close packing between VSGs limits
antibody access to surfaces other than the highly variable “top” of the molecule, leaving the more
conserved C-terminal domain and many epitopes of the N-terminal domain hidden by steric
hindrance. However, it has also been suggested that some antigenic differences between soluble
and membrane-bound VSG may be due to conformational changes in the soluble VSG resulting
from delipidation of the VSG anchor®. Studies attempting to map the epitopes of individual
monoclonal antibodies have not conclusively determined how much of the VSG N-terminus is
accessible (reviewed in*’). One notable study, which mapped the binding epitope of an IgG class
antibody using chimeric VSG constructs, found that the antibody recognized a region on the

“lower” lobe (proximal to the parasite) of the N-terminus®'. This result demonstrates that at least

in some cases, much of the VSG N-terminal domain may be accessible. In contrast, a study



examining polyclonal antisera raised against two VSG C-terminal domains found no binding
against live trypanosomes®, suggesting that these more conserved domains are indeed protected
from immune recognition. It is often stated that the VSG coat also hides other invariant surface
antigens from immune surveillance, and this is likely true for membrane proteins with small
extracellular domains®. However, antibodies recognizing invariant surface proteins with large
extracellular domains have been detected in the antisera of mice and humans infected with 7.
brucei®®. Still, most of these antibodies do not effectively bind intact trypanosomes (suggesting
that many of the epitopes are still occluded by the VSG coat), and antibodies elicited against
invariant proteins do not produce protective immunity**®.

The VSG coat also protects the parasite from innate immune components. While
alternative complement pathway activation and binding of complement components to the
trypanosome surface have been identified following incubation in human serum, the complement
cascade does not proceed to parasite lysis®. A report showing that a T. congolense cell line
lacking a VSG coat, as well as procyclic forms of 7. congolonse and T. brucei brucei could all be
lysed by human complement provided evidence that the VSG coat itself may be necessary for
restricting procession of the complement cascade®, but the molecular basis of this restriction is

unknown. Complement mediated trypanosome lysis can occur, however, through antibody

binding and activation of the classical complement pathway®’.

1.5 Fluidity and recycling of the VSG coat

The VSG coat is a highly fluid array, and individual VSGs are free to rapidly diffuse
throughout the plasma membrane. The VSG lateral diffusion coefficient ensures complete
randomization of the entire VSG coat (via diffusion-based rearrangement alone) in a period of

about 40 minutes®. Additionally, the VSG coat is in a constant state of flux, with individual
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VSGs constantly being shuttled on and off the cell surface. All endo- and exocytosis in T. brucei
occurs at the flagellar pocket, a specialized structure that makes up 2 % of the total surface
membrane, and is situated at the base of the flagellum at the posterior end of the cell. VSGs at
the flagellar pocket are internalized by endocytosis in clathrin-coated vesicles® and delivered to
RABS5-positive early endosomes. The vast majority are then sorted to RAB11- positive recycling
endosomes (directly or via RAB7-positive late endosomes) where they are delivered back to the
flagellar pocket and reemerge onto the cell surface™”. Roughly 9 % of the total cellular VSG
content is in this internal recycling pathway at steady state. Despite the high abundance of
surface VSGes, this process is rapid and efficient. The entire surface coat goes through one round
of internalization and redistribution to the cell surface in approximately 12.5 min, indicating that
the VSG coat is more efficiently randomized by this process than by lateral VSG diffusion”.

It has long been observed that live trypanosomes rapidly redistribute surface- bound
antibody to the flagellar pocket”’. VSG and bound antibody are then internalized together, but
upon internalization, the antibody is separated from the VSG, transported to the lysosome, and
degraded’™. It is not entirely clear how VSGs are specifically sorted from other proteins in the
endosome, but the current model suggests that this selection is based on default sorting of GPI-
anchored proteins to the recycling pathway’®”>. VSG recycling thus provides a mechanism for
rapid clearance of host antibodies from the trypanosome surface. Trypanosomes have been
demonstrated to fully remove a single layer of surface-bound IgG in 120 s at 37 C”, far faster
than the rate of internalization of the VSG coat. This increased antibody clearance rate has been
accounted for by the influence of hydrodynamic forces created by parasite motility. Beating of
the trypanosome flagellum produces forward motion, causing bound antibodies to act as

“molecular sails,” which preferentially drives VSG-antibody complexes to the posteriorly



located flagellar pocket”. Overall, the high rate of endocytosis and surface coat recycling
appears to be another adaptation for immune evasion in the mammalian host.

Still, the relative contribution of surface antibody clearance to immune evasion has not
been determined. The notion that this process is, in fact, an immune evasion strategy is supported
by observed differences in endocytosis rates between bloodstream form trypanosomes and those
in other life cycle stages, which are not subject to similar immune pressure. Bloodstream form
trypanosomes induced to differentiate to the tsetse fly midgut-inhabiting procyclic form show
downregulation of components of the endocytic pathway and a concurrent tenfold reduction in
endocytosis rate’. One study has indicated that mice infected with trypanosomes with a motility
defect that prevented the internalization of bound antibody did not have a survival advantage
over mice infected with motile trypanosomes’’. However, the trypanosomes used for these
experiments were derived from the highly virulent Lister 427 strain, and all mice succumbed to
infection within 2 weeks. Thus, the importance of antibody internalization has not been
addressed in a model of chronic infection. It has also been proposed that antibody internalization
may be more crucial to preventing effector functions of antibodies recognizing invariant surface

proteins, rather than those recognizing the VSG coat™®.

1.6  VSG release via the GPI phospholipase C

In its bloodstream form, 7. brucei expresses an endogenous phospholipase (GPI
phospholipase C; GPI-PLC) which can hydrolyze the GPI anchor of surface VSGs, releasing
membrane-bound VSG into solution®. The GPI-PLC is activated following cell death or stress,
and it rapidly releases the entire VSG coat from the plasma membrane within a period of a few
minutes”*. It is unclear whether the GPI-PLC also releases VSG from live cells: the enzyme is

constitutively expressed and always localizes to the plasma membrane®', and there is evidence
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that VSG is shed at a low rate from live cells***, but no evidence that this type of shedding is
catalyzed by the GPI-PLC. GPI-PLC knockout (GPI-PLC™) cell lines cannot shed VSG, and
maintain intact coats following cell death or stress**. The lack of GPI-PLC does not affect
parasite virulence in the monomorphic Lister 427 T. brucei strain®, but was shown to slightly

decrease parasite virulence in another cell line (EATRO 1125).

1.7 The genetic basis of VSG expression and VSG switching
1.7.1 VSG monoallelic expression

VSG genes are exclusively expressed from one of ~15-20 telomeric Bloodstream
Expression Sites (BES). All BESs contain VSG genes, but only one is BES is transcriptionally
active at any given time. The BESs are highly homologous to one another, each having a set of
similar features: a single promoter located at the telomere-distal end, followed by a group of
expression site associated genes (ESAGS), a stretch of repetitive DNA known as the 70 base pair
(70bp) repeats, and finally the VSG gene at the telomere-proximal end***’. BESs vary in the
number and type of ESAG genes they contain, and some BESs also contain multiple 70bp repeat
regions and incomplete VSG “pseudogenes” upstream of the active VSG. The entire BES is
expressed in a polycistronic pre-mRNA transcript, which is later spliced into individual mature
mRNA transcripts with each gene flanked by a common 5 splice-leader sequence and 3’ poly-A
tail®*. Interestingly, while mRNA is exclusively transcribed by RNA polymerase (pol) II in
most eukaryotes, the active T. brucei BES is transcribed by RNA pol I (which typically only
transcribes ribosomal RNA) %2,
The molecular mechanisms underlying the maintenance of monoallelic expression

are incompletely understood, but nuclear localization and chromatin state appear to play a major

role. The active BES is transcribed from an extranucleolar site known as the expression site body
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(ESB) *, in which chromatin is unstructured and depleted of nucleosomes”*. A recently
identified protein called VEX1 localizes to the ESB and can regulate allelic exclusion®, but its
mechanism of action is unknown. It is also unclear how the ESB forms or how a given BES is
chosen for inclusion. There is a great deal of evidence that the silencing of inactive BESs is at
least partially mediated by chromatin state. RNAi screens have identified a number of genes that
are required for repression of silent BESs, and most of these encode chromatin remodeling or
histone modifying proteins (reviewed in”’). Telomeric silencing also appears to play a role, as
RNAI knockdown of the telomere-associated protein RAP1 also leads to derepression of silent

BESs™.

1.7.2 The genomic VSG repertoire

The VSGs located in BESs represent a tiny fraction of the entire genomic VSG
repertoire. The most completely characterized 7. brucei genome is that of the Lister 427 strain of
T. brucei brucei, which has been found to contain more than 2,000 VSG genes”. The VSG
repertoires of other 7. brucei subspecies (and other African trypanosome species) are less well
characterized, but appear to be of comparable size*. In T. brucei, the majority (~80%) of the
VSG-encoding sequences are incomplete genes or pseudogenes, though these sequences can still
contribute to antigenic variation (discussed in section 1.7.4). Apart from the BESs, VSGs are
located throughout the genome within the 11 megabase chromosomes, several intermediate
chromosomes (typically 1-7), and ~100 minichromosomes***’. Non-BES VSGs are located
within internal arrays in the larger chromosomes, while those in minichromosomes are

subtelomeric.
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1.7.3 Mechanisms of VSG switching

There are two genetic mechanisms by which trypanosomes can undergo a VSG switch:
(1) Transcriptional switching (also known as in situ switching) occurs when the active BES is
silenced, and another BES is transcriptionally activated, and (2) Recombinatorial switching
occurs when a VSG from elsewhere in the genome is copied or swapped into the active BES.
Transcriptional switching only allows expression of those VSGs that are located within BESs
(14-19 VSGs), while recombinatorial switching allows access to the entirety of the genomic VSG
repertoire. Thus, recombinatorial switching is far more important for the maintenance of long-
term infections, in which expression of many VSGs is required for continual evasion of host
immunity. Measurements of the relative frequencies of transcriptional and recombinatorial
switching have varied considerably between studies, but recombinatorial switching is generally
considered to be the dominant mechanism'*"'*,

Neither the mechanism by which transcriptional switching occurs nor the conditions that
trigger this type of switch are well characterized. Transcriptional switching must involve
chromatin remodeling as the active BES is excluded from the ESB and replaced with another
BES, but the molecular basis of this process is unknown. One study demonstrated that artificial
inactivation of the active BES (via a Tet repressor) triggered a transcriptional switch'®. This
suggests that loss of transcription of the VSG gene or some other BES component may signal a
transcriptional switch, but again, does not inform the mechanism or how this may occur in a
natural setting.

The mechanisms of recombinatorial switching are comparatively better understood, and

this type of switch can proceed in several ways. In telomere exchange (TE), a crossover event

occurs between two chromosome ends, resulting in the active VSG swapping locations with a
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subtelomeric silent VSG'®. In duplicative gene conversion (GC), a DNA region containing a
silent VSG is copied into the active BES, and the previously active VSG gene is lost from the
genome. GC is typically mediated by homologous recombination (HR), a DNA repair
mechanism that is activated following a double strand DNA break (DSB). HR can occur via
junctions at two homologous regions flanking the original and replacement VSGs, or via a single
upstream homologous region with DNA replacement proceeding through the telomere (also
known as break-induced replication (BIR))”". Studies have demonstrated reduced switching
frequency in strains lacking HR-related proteins, including the homologous strand exchange
protein RAD51'”7, BRCA2 (which mediates RAD51 function) ', and a RADS51 paralogue'®'"°.
However, RADS51-independent GC switching also occurs, and this is likely mediated by a
secondary DSB repair process called microhomology-mediated end joining''"'"%,

GC switching can be induced by artificially introducing a DSB in the active BES, and
switching efficiency increases substantially when this break occurs near the 70bp repeat
region''>'". 70bp repeats are found upstream of more than 90% of genomic VSGs and have been
demonstrated to be crucial sites of homology for allowing access to most of the VSG
repertoire*”'"*. GC switching can also occur in trypanosome lines in which the 70bp repeats have
been deleted at the active BES, but in these cases switching is restricted to VSGs in other BESs
where regions of homology can still be found**'"”. In natural settings, double strand DNA breaks
have been proposed to occur in the active BES due to errors in the procession of DNA
replication machinery and inherent fragility of subtelomeric genomic locations, with the 70bp
repeats representing a particularly susceptible region'”"'>'">!"*!"7 S]], the possibility remains
that the trypanosome may express factors, such as an unidentified endonuclease, that promote

switching in a targeted fashion. It is also unclear whether regulation of VSG switching is purely
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stochastic or whether environmental stimuli (e.g. host-dependent factors) affect switching
frequency, but the fact that switching occurs in vitro suggests that there is at least some

stochastic element to the process''™'"”

1.7.4 Mosaic VSGs

Most of the genomic VSG repertoire consists of incomplete VSG pseudogenes™, and these
gene segments contribute to 7. brucei antigenic variation by recombining with one another or
with complete VSGs to generate functional “mosaic” VSGs. Mosaic VSGs are formed by
segmental GC events, and single mosaics can originate from as many as four donor
pseudogenes'*'*, Donor sequences contributing to the same mosaic typically share substantial
homology (as would be expected for mosaic formation mediated by HR), but in some unusual
cases the borders of segmental GC events share little or no apparent homology'*’. Many aspects
of mosaic formation are uncharacterized, including whether it is a directed or stochastic process,
whether it occurs in the active BES or elsewhere in the genome, and when it occurs during
infection. However, one study’’ showed that three mosaic genes were not detectable within a
parasite population during infection until trypanosomes actively expressing those VSGs emerged,
suggesting that at least in some cases formation occurs shortly before expression. Overall,
mosaic VSGs appear to contribute to antigenic variation in a manner that is greater than the sum
of their parts, as mosaics with substantial sequence similarity can still be antigenically distinct

from one another'%.

1.7.5 Rates of switching

In lab-adapted cell lines, VSG switching occurs at a rate of 107 - 10°° cells per population

doubling (C/PD) '"*!'®!*1>* However, these rates may drastically underestimate the frequency of
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switching in natural infections, as switching frequencies as high as 10 C/PD have been
measured in recent field isolates'”. Interestingly, lab adapted cell lines have been shown to
increase switching rates 100-1000 fold following passage through the tsetse vector, suggesting
that switching frequency might be affected by environmental cues or differentiation between life

cycle stages'®.

1.7.6 Dynamics of VSG expression in vivo

Several studies have demonstrated that VSGs are expressed in a probabilistic
order during infection*"'*”"'*, The order appears to be related to genomic location, as expression
of BES VSGs typically occurs early in infection, followed by minichromosomal VSGs, and
finally VSGs from internal arrays*"'*. The mechanism underlying this pattern is unknown, but a
number of factors may contribute. BES VSGs can be activated by both transcriptional and
recombinatorial switching, and the high homology between BESs*’ gives many potential
locations for HR between these sites. Further, BESs contain complete VSG genes®, and a
disproportionally high percentage (85%) of minichromosomal VSGs are also complete, as
opposed to only ~20% in the VSG repertoire as a whole™. Trypanosomes switching to these
complete, functional VSGs would presumably have an early selective advantage. Conversely,
many chromosome internal VSGs are incomplete and can only be accessed by mosaic formation,
which is evident at much greater frequency late in infection**'*’, The prevalence of mosaic VSGs
late in infection is likely a consequence of the parasite’s need to generate additional antigeni