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An intriguing and remarkable feature of African trypanosomes is their antigenic
variation system, mediated by the variant surface glycoprotein (VSG) family
and fundamental to both immune evasion and disease epidemiology within
host populations. Recent studies have revealed that the VSG repertoire has a
complex evolutionary history. Sequence diversity, genomic organization, and
expression patterns are species-specific, which may explain other variations in
parasite virulence and disease pathology. Evidence also shows that we may be
underestimating the extent to what VSGs are repurposed beyond their roles as
variant antigens, establishing a need to examine VSG functionality more deeply.
Here, we review sequence variation within the VSG gene family, and highlight the
many opportunities to explore their likely diverse contributions to parasite survival.

VSGs are variant antigens key to the survival of African trypanosomes

VSGs are major surface antigens of African trypanosomes, extracellular parasites of humans and
animals. African trypanosomes alternate between a vector (typically a tsetse fly within Africa, but
other blood-sucking insects beyond Africa) and a mammalian host (Box 1). African trypanosomes
survive in the mammal using antigenic variation as a mechanism of immune evasion. VSGs are the
variant antigens recognized by the host immune system during infection, and their modulation by
the parasite can prevent long-lasting immunity (Box 2, and reviewed in [1]). African trypanosome
genomes are furnished with several thousand VSG genes, perhaps 10-20% of total gene number,
to provide the raw material for antigenic variation. But how has this pool of structural diversity
evolved, and why are so many VSG genes required to evade immunity?

African trypanosomes are kinetoplastid parasites of the family Trypanosomatidae, which also
includes the vector-borne parasites Leishmania spp. and Trypanosoma cruzi (Figure 1A). Aithough
the genomes of these trypanosomatid lineages are quite similar, in terms of both orthology (see
Glossary) and synteny [2], the molecular architecture of their cell surfaces, and the genes encoding
cell-surface proteins, are mutually exclusive [3]. The cell surfaces of both Leishmaniinae and
Stercorarian trypanosomes include several antigens encoded by multicopy gene families; by exten-
sion, we assume that the ancestral trypanosomatid also possessed such a heterogeneous cell
surface. In contrast, African trypanosome cell surfaces are dominated by one family (VSG) and
they have evolved a system of monoallelic expression to regulate VSG expression (reviewed
in [4]). The transition from an ancestrally heterogeneous surface architecture to a cell coated with
a single, highly abundant VSG defines the evolution of African trypanosomes. Increasingly, VSG
genes are also implicated in essential functions besides antigenic variation. Here we discuss how
VSGs have evolved, their sequence diversity within three African species of Trypanosoma
(T. brucei, T. congolense, and T. vivax), and what this diversity could mean for protein function.

Throughout this review, we refer to the VSG gene family, which includes any gene sequence
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Box 1. The life cycle of African trypanosomes

Blood-sucking flies become vectors of African trypanosomiasis when they feed on an infected mammal. Biological
transmission occurs only through tsetse flies and thus is restricted to their endemic region, sub-Saharan Africa. In the
midgut of the tsetse fly, recently ingested bloodstream-form parasites differentiate into procyclic forms. Upon clonal
expansion, these forms will travel anteriorly through the proventriculus towards the salivary glands (7. brucei) or mouth-
parts (T. congolense and T. vivax) of the fly, where they differentiate first into epimastigotes and then into metacyclic par-
asites. The latter are infective to mammals, so in the following bloodmeal they are injected into the skin of the animal with
the fly’s saliva. These parasites find their way to the bloodstream of the host and differentiate to bloodstream forms. De-
pending on the African trypanosome species, they can either remain in circulation (7. congolense and possibly T. vivax) or
invade neighboring tissues (T. brucei). Exceptions to this cycle occurin T. vivax, T. b. evansi, and T. b. equiperdum. T. vivax
does not have a procyclic form, differentiating directly from the bloodstream form to epimastigote in the fly's mouthparts
[79]; T. b. evansi has lost its ability to differentiate into procyclic forms so it remains exclusively in its bloodstream form and
is mechanically transmitted; and T. b. equiperdum has evolved to become sexually transmitted in horses [80]. VSGs are
expressed by metacyclic and bloodstream parasites of all African trypanosome species.

proteins of variant antigens) [5] (Figure 1B). Currently, all VSGs can be labeled by their subfamily
(i.e., a-VSG, b-VSG, Fam1, Fam9, Fam13-16, Fam23-26) [6]. Each subfamily can be further
subdivided into phylotypes (Figure 1B), which include multiple, highly related VSGs that
form robust clades in phylogenies and are present across all parasite strains (Figure 1C). Inclusion
within the family is based on amino acid sequence similarity (i.e., protein primary structure).
Therefore, VSGs include not only the originally established variant antigens but also genes that
have acquired new functions and became nonvariant. The established variant antigens undergo
antigenic variation and include most members of a-VSG, b-VSG, Fam13, Fam16, Fam23-25
(Figure 1C). Nonvariant VSGs have unsystematic names, sometimes associated with their
predicted function or genomic locus. These include both single-copy [e.g., serum-resistance-
associated (SRA), T. b. gambiense-specific glycoprotein (TgsGP), VSG®""], and multicopy
genes [e.g., VSG-related genes (VR), ESAG2, transferrin receptors (TfRs), procyclic-associated
genes (PAGs), etc.] (Figure 1B). With the exception of T. vivax, the phylogenies of each subfamily
suggest that the VSG repertoire is constantly producing novel, single-copy variant antigens
(e.g., SRA), some of which may be repurposed and become nonvariant. As time progresses,
these nonvariant VSGs may undergo gene duplication, giving rise to multicopy subfamilies
(e.g., TIRs).

Interspecific variation in the genomic organization of VSGs

Surface proteins are key players in host—pathogen interactions and so are subject to strong
selection pressures that result in rapid evolutionary change through mutation, recombination,
and gene duplication. This translates into high gene copy-number, sequence diversity, and

Box 2. Trypanosome antigenic variation

Studies in T. brucei have shown that, in the bloodstream life stage, approximately ten million copies of VSG protein are
produced to cover the entire surface of the parasite as a dense coat. The conformational epitopes of the NTD are exposed
to the immune system, which recognizes them and elicits an antibody response [81]. At a single parasite growth peak we
can detect a dominant parasite subpopulation expressing a superabundant VSG and many other subpopulations expressing
alternative VSG variants, represented at much lower levels (less than 1%) [11,12]. Whilst parasites expressing the dominant
VSG are cleared, the minority of cells expressing an alternative VSG can proliferate until a second antibody response is
triggered. Theoretically, the cycle can continue until either the host immune system is exhausted or the limit for the parasite
antigenic diversity is reached. Parasites can also spontaneously and autonomously switch the expressed VSG [82]. The
temporal order of VSG switching is not arbitrary: genes harboring the telomeric expression sites are activated first, followed
by those in the minichromosomes, then the VSGs in the subtelomeric tandem arrays, and finally the mosaics generated de
novo during the course of infection [83-85]. Furthermore, the identity of switched VSGs is semipredictable [86,87], and when
infections start with the same nonclonal inoculum, the pattern of VSG expression over time is reproducible, including the identity
of the dominant VSGs [11,13,85,88]. This is also observed in T. vivax [14], but not in other antigenically variable pathogens, like
the parasite Plasmodium falciparum [89)], or the blood-borne bacterium Borrelia [90]. To date, T. congolense VSG expression
patterns during mammalian host infections have not been described, but research is underway in several laboratories and
should be elucidated in the near future.
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Glossary

Coalescence time: the time to the
most recent common ancestor for a
defined set of descendants.

Flagellar pocket: an invagination of the
plasma membrane that marks the
beginning of the flagellum. It is involved in
many cellular processes, including
exocytosis, endocytosis, and cell
division.

Gene conversion: the replacement of
a DNA sequence (or part of it) by another
one by homologous recombination.
Monoallelic expression: the
mechanism of active transcription of a
single allele of a gene. In trypanosomes,
it happens by allelic exclusion.
Mosaicism: the combination of
multiple ancestral sequence motifs
within a novel coding sequence due to
segmental gene conversion of multiple
other genes or pseudogenes.
Negative selection: a selective
process that removes deleterious
mutations; negative selection against
nonsynonymous mutations conserves
the amino acid sequence and is
indicated by a ratio of nonsynonymous
to synonymous nucleotide substitutions
less than one.

Neofunctionalization: an adaptive
mutation process that results in a gene
duplicate (paralog) acquiring a function
different from that of its ancestral gene.
w (dN/dS): the ratio of substitution
rates at nonsynonymous and
synonymous sites.

Orthology: a type of homology that
occurs due to speciation, and not gene
duplication.

Phylotype: a cladistic subdivision of
VSG diversity intermediate between
subfamily and a cluster of orthologous
genes, commonly comprising several,
closely related VSG genes and their in-
paralogs.

Positive selection: a selective process
that promotes advantageous mutations
and leads to the emergence of new
sequence variants with greater fitness; it
is indicated by a ratio of nonsynonymous
to synonymous nucleotide substitutions
greater than one.

Subtelomeres: highly dynamic
chromosomal regions immediately
adjacent to the telomeres, often
hemizygous.

Synteny: two genetic loci sharing the
same chromosomal location (usually in
different organisms).

Trypanolytic factor: a complex,
present in the serum of humans and
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Figure 1. The variant surface glycoprotein (VSG) repertoires of African trypanosomes. (A) Schematic phylogeny
based on small-subunit ribosomal RNA genes [97], showing African trypanosomes in the context of other pathogenic
trypanosomatids, and the presence/absence of a VSG coat. Species in bold are discussed in this review. ATCA, African
trypanosome common ancestor. (B) Current nomenclature used to describe VSGs. Sequences in African trypanosome
species homologous to canonical T. brucei VSGs comprise the VSG family. Within each species we can identify subfamilies
that can be split into phylotypes, which are robust clades with common C-terminal domain (CTD) sequences, each of which

(Figure legend continued at the bottom of the next page.)
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some nonhuman primates, that lyses
trypanosomes. In its smaller form (TLF-1),
it is a high-density lipoprotein,
apolipoprotein L1, and hemoglobin-
binding haptoglobin-related protein,
whilst its larger form (TLF-2) also includes
an associated IgM molecule.

VSG expression sites: specialized
structures near the telomeres of
chromosomes from where VSGs and
VSG-associated genes are expressed
by RNA polymerase I.
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unstable genomic loci [7]. Consequently, studying the VSG repertoire is challenging, and VSGs
are often overlooked especially in large-scale analyses. However, in the last decade, annotation
of VSG repertoires in reference genome sequences [8—-10], the development of sensitive methods
of expression analysis (like VSG- or trypanosome-specific cDNA amplification prior to sequencing
[11-14]), and of VSG profiling methods from clusters of orthologs or protein motifs [15], have
produced a systematic understanding of VSG diversity and its dynamics.

The canonical T. brucei VSG consists of an N-terminal domain (NTD) of 300-400 amino acids and
a smaller C-terminal domain (CTD) of <100 amino acids [16], glycosylphosphatidylinositol (GPI)-
anchored to the plasma membrane [17] (Figure 1D). The NTD contains antigenic epitopes and is
highly variable [18]. Homology among NTDs largely relies on conservation of cysteine, glycine,
and tryptophan residues [19,20], patterns of which separate T. brucei VSGs into two subfamilies:
a- and b-VSGs [8,19,20] (Figure 1C). Phylogenetic analyses of VSG in the T. brucei 927 reference
genome further separated NTDs into five subgroups (N1-N5) [8,19,21]. N4 contains all b-VSGs,
while N1-3 and N5 (formerly c-type VSG) encompass a-VSGs [8,21]. Cross et al. [10] analyzed
the VSG repertoire of another model strain, T. brucei 427, and chose to include N5 within N3,
but otherwise proposed very similar systematics, comprising three a-type clades (A1-A3, corre-
sponding to N1-N3) and two b-type clades (B1, B2, corresponding to N4). The CTD, which is in-
accessible to antibodies [22], is far less variable and has been subdivided into six subgroups
based on nucleotide sequences (C1-C6) [8,19,21,23]. A single NTD can form a functional VSG
with CTDs of different types [23]. Additionally, the recent resolution of the crystal structure of
the MiTat1.3/VSG3 NTD has shown a considerable, and perhaps unexpected, level of topologi-
cal diversity between a- and b-VSGs [24], even though they still share a common CTD.

Besides the variant antigen subfamilies, there are others homologous to a-VSGs (i.e., PAG and
TfR genes, encoded by ESAG6 and ESGA7) and b-VSGs (i.e., ESAG2, VR genes) (Figure 1C).
VR genes include both ancient and more recent lineages that have ceased to be variant antigens;
some appear to be derivations of the canonical T. brucei b-VSG (with familiar CTD but lacking a
complete NTD, e.g., Tb927.2.2060), others lack the hypervariable region of the NTD and the
characteristic CTD, closely resembling T. congolense VSGs, (e.g., Th927.3.2540), while yet
others lack any CTD at all (e.g., Th927.3.1500).

The VSGs of T. brucei subspecies (i.e., T. b. evansi, T. b. gambiense, T. b. rhodesiense) share the ge-
netic diversity of T. b. brucei VSGs, described above [25-27]. Orthology is maintained between
strains, and strain-specific clades are small, indicative of a common origin and similar evolutionary
forces affecting the repertoires. T. brucei VSGs are found in three main loci: the small chromosomes,
the subtelomeres of megabase chromosomes, and the telomeric VSG expression sites [28-30].

T. congolense and T. vivax have VSG repertoires of comparable size to that of T. brucei, and
mostly homologous to either a- or b-VSGs. However, sequence comparison shows that they

may contain several genes. (C) The Trypanosoma brucei VSG repertoire contains two subfamilies that contain both variant
and nonvariant antigens (a-VSG and b-VSG) and five subfamilies of exclusively nonvariant antigens (PAG, TfR, VR1/Fam1, VRY/
Fam9, ESAG2/Fam13). The subfamilies a-VSG and b-VSG contain 1500-2500 genes and have been classified based on N-ter-
minal (NTD) and CTD types [only NTD types are labeled (A1-3 and B1,2)] [10]. In Trypanosoma congolense, we have identified two
subfamilies (Fam13 and Fam16) of b-type VSGs that divide into 15 phylotypes (P1-15) and ~1500 genes [9,31]. Trypanosoma
vivax VSGs divide into four subfamilies (Fam23-26, inclusive) and 174 phylotypes [9,15]. For each species, the
current systematic subdivisions are annotated onto maximum likelihood phylogenies of major subfamilies. Phylotypes are encircled
by broken lines. (D) On top, the structure of a VSG, comprising an NTD, a CTD, and a glycosylphosphatidylinositol (GPI) anchor.
Below, the constraints (or lack thereof) for VSG recombination within each species. Broken lines represent potential for recombina-
tion between NTD and CTD. Abbreviations: PAGs, procyclin-associated genes; TfR, transferrin receptor; VR-, VSG-related.
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are mutually exclusive in content [9]. There are no orthologous VSG genes shared by multiple
trypanosome species; each repertoire has diverged to become species-specific in its phyloge-
netic composition.

Thus far, comparative analyses have shown that T. congolense variant antigens are composed
exclusively of b-type VSGs, albeit with older and more diverse evolutionary origins than T. brucei
b-VSG [9]. The repertoire divides into two subfamilies, Fam13 (which also includes T. brucei
ESAG2-like genes) and Fam16 (Figure 1C). Among these two distinct ancestral lineages, 15 con-
served phylotypes were identified. Each phylotype has a distinct CTD sequence lacking homology
with other phylotypes [31], in contrast to the homologous CTD shared by all canonical T. brucei
VSGs. Recombination between T. congolense VSG genes with distinct CTDs is rare [14], suggest-
ing that CTD heterogeneity constrains the generation of antigenic diversity (Figure 1D). Although it
lacks a-type variant antigens, the T. congolense genome does contain two a-type VSG subfamilies
(Fam14 and Fam15) that are not used in antigenic variation but are instead homologous to 7. brucei
PAG and TR genes [6,9] (Figure 1C). Like T. brucei, T. congolense VSG genes are also spread
throughout the subtelomeres, small chromosomes, and telomere-proximal sites [32].

T. vivax VSGs are divided into four subfamilies (Fam23-26 [6]) (Figure 1C) and 174 phylotypes
[14] (Figure 1D). Fam23 and Fam24 are homologous to a- and b-type VSGs, respectively, but
neither subfamily has a conserved CTD as in T. brucei [9] (Figure 1D). Fam25 and Fam26 are
T. vivax-specific and share only ~20% amino acid identity to other VSG subfamilies. Fam25 con-
tains genes that have been detected as the dominant VSG transcripts during bloodstream infec-
tions, and therefore is assumed to encode functional variant antigens [14,33], but the same does
not apply to Fam26, so their function remains ambiguous (Figure 1C). Sequence divergence
between phylotypes is remarkably high, (only 30.1% amino acid sequence identity [9]), but
variation within phylotypes is low (73.8% amino acid conservation across the species on average
[14]), such that genes within the same phylotype may not encode serologically distinct antigens.
This indicates that the T. vivax VSG repertoire is smaller than those of T. brucei and T. congolense
[14] and might perhaps encode fewer immunologically distinct antigens. T. vivax VSGs seem to
be exclusively located in the subtelomeres and but not immediately adjacent to the telomeric
repeats, more data is required to confirm this.

Overall, despite their apparently conserved antigenic variation phenotype, recent analyses show that
VSG repertoires in T. brucei, T. congolense, and T. vivax are substantially different in terms of
sequence variation, lineage composition, and genomic organization. These differences may
affect the mechanism of antigenic variation. For example, the CTD common to both a-VSG and
b-VSGin T. brucei is currently thought to be essential for VSG switching (Box 3) [9,34]. Yet, this con-
served CTD is unique to T. brucei; other species have a variety of CTD structures. Since the a-VSG
and b-VSG lineages are much older than T. brucei itself (see below), it was concluded that harmo-
nization of T. brucei CTDs is a recent adaptation for VSG transposition [9]. It follows that
T. congolense and T. vivax must have different mechanisms for antigenic switching to some extent,
and these remain unknown, although 7. congolense has telomeric domains at least superficially
reminiscent of T. brucei VSG expression sites [32]. We should remember that these VSG repertoires
are defined by sequence homology, and description of a gene as a VSG does not guarantee that it
functions as a variant antigen. Hence, interspecies variation in VSG repertoire may represent func-
tional variation, which we explore below through several examples of VSG neofunctionalization.

The origins of VSGs
Comparison of VSG repertoires allows us to understand how old these genes are relative to the
species themselves, and how the different VSG lineages might have emerged or disappeared
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Box 3. The mechanism of trypanosome antigenic switching

T. brucei VSG transcription is restricted to specialized telomere-proximal structures in megabase chromosomes. In the
bloodstream life stage of the parasite, VSGs are expressed from bloodstream expression sites, which comprise a
promoter, a 70 bp repeat, the VSG, several non-VSG expression-site associated genes (i.e., ESAGs), and sporadic
retrotransposons [28-30]. During the metacyclic life stage, VSGs are expressed from metacyclic expression sites, which
are shorter, lack the 70 bp repeat, and have a specific promoter and a monocistronic structure [39,67].

VSG switching occurs at 10°~10° switches per cell per population [91] and is intimately connected to the VSG expression
site. It can occur through transcriptional switching, via the silencing of the active VSG expression site and subsequent
activation of a different one [92,93], but it most commonly happens through recombinatorial switching. The latter involves
the replacement of the VSG in the active expression site by an alternative through gene conversion [40,94,95].

T. congolense bloodstream VSG expression is also telomeric [96], but expression sites have not been sequenced yet. A
recent study provided a candidate for the expression site; VSGs may be transcribed from a widespread genomic locus
near the telomeres of small and megabase chromosomes, that is, topologically similar to T. brucei VSG expression sites,
but with clear differences in gene composition and conserved noncoding sequences [32]. We do not know how VSG
switching operates in T. congolense, but the lack of the 70 bp repeat in the candidate expression sites, and the lack of
an identifiable recombination breakpoint in the VSG CTD, suggest that antigenic switching involves different players from
those of T. brucei.

In T. vivax, a specialized expression locus has not yet been identified, so the mechanisms of antigenic switching remain
uncertain. However, the lack of evidence for VSG mosaic expression in T. vivax suggest that the mechanism of antigenic
switching described for T. brucei cannot be operating in T. vivax [14]. This raises the possibility that a different mode of
survivalin the mammalian host, particularly in terms of the ability to withstand the VSG-directed antibody immune response
and of persisting within the mammalian host, is in place.

throughout evolution. In fact, Jackson et al. [9] showed that a-type VSGs (i.e., a-VSGs, Fam23,
Fam14/PAG, and Fam15/TfRs) shared a single, common ancestor after splitting from b-type
genes (i.e., b-VSGs, Fam13, Fam16, Fam 24, ESAG2, VR9/Fam9, and VR1/Fam1). This
indicates that the principal VSG subfamilies originated prior to the speciation of modern
African trypanosomes [9]. Interestingly, the division of T. congolense VSG genes into Fam13
and Fam16 also likely arose before speciation because their closest relatives are ESAG2 and
VR9/Fam9 genes in T. brucei, respectively, rather than each other. Conversely, it is suggested
that all T. brucei canonical b-VSG genes are derived from a single ancestral lineage, with most
of the remaining lineages lost or neofunctionalized, that is, they are derived from a diversity
bottleneck [9].

However, this bottleneck in diversity does not mean that VSG ‘population size’ was constricted at
any point in the evolution of T. brucei. Rather, we suggest that it occurs through the constant
replacement of ancestral genes by derived sequences through gene conversion until the reper-
toire consists purely of new genes. Divergence in this manner was proposed for the concerted
evolution of VSG within species and the lack of orthology between species [9]. Despite the recent
derivation of the repertoire, it is important to realize that antigenic diversity in 7. brucei is not
reduced relative to other species since there is a seemingly unlimited capacity for mosaicism
among both a-VSGs and b-VSGs. Indeed, alongside the unique acquisition of a common CTD,
their single, recent origin may have promoted this mosaicism since recombination frequency
increases proportionally with sequence similarity between templates [35]. Hence, we speculate
that the recent diversity bottleneck affecting 7. brucei VSGs may be part of a general adaptation
for greater antigenic diversity in this species through mosaicism, which is discussed in the next
section.

As T. vivax occupies the most basal branch in the African trypanosome phylogeny, its repertoire
offers an important insight into that of African trypanosome common ancestor (ATCA). It is

unclear whether T. vivax-specific VSG subfamilies (i.e., Fam25,26) are derived from ancestral
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lineages lost in T. congolense and T. brucei, or otherwise derived from a-type and b-type VSG
lineages independently (and again, it is not confirmed that all of these encode variant antigens).
However, based on the T. vivax repertoire, we can say that the ATCA VSG repertoire contained
multiple, distinct lineages of a-type and b-type VSGs, and perhaps also additional lineages now
extantin T. vivax only. The multiple VSG lineages have subsequently experienced different evolu-
tionary pressures in each species to produce the repertoires we see today: some lineages were
lost (e.g., a-VSG in T. congolense), others diversified rapidly (b-VSG in T. brucei), whilst some
acquired invariant roles (e.g., TfR in the ancestor of T. brucei and T. congolense).

These various hypotheses of the origins of VSG subfamilies stem from comparative analyses,
which are always limited by our sampling effort. Genome sequences for additional African
trypanosomes will test these ideas, in particular, the genomes of the T. vivax-like species
(i.e., T. vivax sister lineage [36]) would provide another perspective on the apparent greater
phylogenetic diversity in the ATCA; while genomes for T. suis clades (the sister lineage to
T. brucei [37]) would directly examine the hypothesis that 7. brucei antigenic diversity has
increased through diversity bottleneck and mechanistic adaptations such as the common CTD.

Forces driving diversification of the VSG repertoire

We might expect genes involved in host—parasite interactions, such as VSGs, to be influenced by
natural selection. Evolutionary biologists measure the direction of selection using the ratio of
nonsynonymous to synonymous nucleotide substitutions [w (dN/dS)], which equals 1 under
neutral conditions. More nonsynonymous than synonymous substitutions indicates positive
selection of new gene variants and molecular adaptation. Given the parasites' need to diversify
their antigenic repertoire to continually undergo antigenic variation, one could predict that VSG
sequence evolution would be under positive selection. This is not the case. While most genes
in T. brucei are under negative selection (i.e., w of non-VSGs falls below 0.3 [26]), this effect
is much weaker for VSG genes (i.e., w of T. brucei VSGs ranges between 0.31 and 0.7 [26]),
thus contributing to the removal of around half of the nonsynonymous substitutions [10]. Therefore,
the unusual diversity of VSGs must be driven by an alternative force.

In fact, we know that antigenic novelty in T. brucei is driven predominantly by frequent gene
duplication coupled with gene conversion, often partial, resulting in sequence mosaicism [8].
Gene conversion in T. brucei is facilitated by two conserved flanking sequences that favor
sequence exchange (the 70 bp repeat upstream of the VSG gene [34,38,39] and the common
CTD downstream [40]) which remain in situ after gene conversion and result in a recombination
breakpoint between the NTD and the CTD (Figure 1D) [8,40]. Mosaic VSGs arise from the conver-
sion of segments from multiple VSG gene or pseudogene donors until a functional gene is
obtained [8,11,13]. Mosaicism is key to antigenic variation, especially during chronic infection
[8,11-13,41], as it generates novel antigens that promote immune exhaustion. For instance,
Jayaraman et al. [13] showed that between 27 and 187 VSGs were expressed simultaneously in
the first 12 days of mouse infection, also that mosaic VSGs appear within 3 days postinfection
and could be assembled from donor sequences with only 40% nucleotide identity. However, the
combination of gene duplication and gene conversion also leaves a legacy of redundant VSG
copies, which we hypothesize provides a reservoir of structural potential for the evolution of
novel functions. To support this, we discuss the alternative roles for the VSG family below.

To different degrees, conservation of primary structure among the T. congolense and T. vivax
VSGs seems to impose limits to genetic exchange, resulting in lower VSG recombination rates,
which goes some way to explaining why the phylogenies from each species in Figure 1C have
different shapes [9]. In T. congolense, VSGs recombine almost exclusively with genes of the
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same phylotype, effectively limiting the potential for the generation of diversity [14] (Figure 1D). We
speculate that negative selection operates to maintain distinct phylotypes, preventing major fluc-
tuations in gene numbers [31]. This indicates functional differentiation within the repertoire but the
precise reason for the strict conservation of T. congolense phylotypes remains unknown.

The scenario is more extreme in T. vivax. The generally low sequence similarity among phylotypes
indicated that genetic exchange between them would be difficult [9] (Figure 1D). Indeed, a recent
population genomic study showed that recombination between VSG phylotypes is negligible [14].
Coalescence times of VSG phylotypes are uniformly large, suggesting that they were created a
long time ago and broadly contemporaneously, rather than continuously and recently as required
if gene conversion were happening. For a given T. vivax VSG, complete orthologs (including CTD)
may be found in distantly related strains and across the whole species, contrary to what is seenin
T. brucei [42]. This raises searching questions about the mechanism of antigenic variation. Given
that the T. vivax VSG repertoire does not appear to diversify [14], how does this parasite establish
long-term infections”? While T. brucei (and probably T. congolense) do so through the continual
generation of serologically distinct mosaic VSGs, T. vivax perhaps has an alternative mechanism
for persistence, and understanding this may bring new opportunities for preventing or treating
disease.

VSG neofunctionalization and the evolution of host-parasite interactions

When parasites respond to a new selective pressure, they usually repurpose a redundant gene
duplicate whose original function remains assured by paralogs. The mechanisms that rapidly
recombine VSG sequences bring about antigenic switching and immune evasion. Yet, we
speculate that they are also an engine for structural innovation, ensuring that raw material is con-
stantly available for new gene functions. As such, VSG neofunctionalization drives host—parasite
coevolution and is a pertinent subject when considering many aspects of African trypanosome
biology. VSGs play other functions besides antigenic variation, namely immune modulation,
host range (through resistance to human serum), nutrient scavenging (by mediating iron
transport), and drug resistance (Figure 2).

Immune modulation

VSGs directly interact with the immune system and modulate the host’s cellular responses by
various modes [43]. For example, they induce a proinflammatory response via IFN-y production
by macrophages [44-47], increased MHC-II presentation, and activation of CD4* T cells [48],
which results in inflammatory anemia and other symptoms, and they can specifically inhibit activa-
tion of the alternative pathway of the complement system to prevent trypanosome lysis (reviewed in
[43)).

Resistance to human serum

Two strains of T. brucei, (T. b. rhodesiense and T. b. gambiense), have evolved to infect humans
by independently repurposing a VSG to bypass the effects of the trypanolytic factors (TLF-1
and 2). T. b. rhodesiense resistance to human serum is conferred by the VSG SRA gene
[49,50] and is cotranscribed with the expressed VSG in the bloodstream VSG expression site
[51]. The SRA gene has an internal deletion of 126 amino acids compared to its canonical
a-VSG paralog in T. b. brucei [52]. This deletion spans the primary sequence that usually
forms the surface-exposed antigenic loops, and includes two conserved cysteine residues,
so that the traditional disulfide bridging pattern is compromised [52]. Therefore, the external
faces of the two alpha-helices are exposed, which may serve as a binding site. Unlike
canonical VSGs, SRA is not a surface protein, localizing instead to the endosomal network
[63,54] where it binds to apolipoprotein L-I (APOL-1), targeting it for degradation [55-57].
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Figure 2. The different roles of variant and nonvariant variant surface glycoprotein (VSG) genes. Besides antigenic
variation and its impact on the host’s antibody response, VSGs affect transmission through metacyclic VSG expression; host
range, because they can confer human infectivity to some T. brucei strains; resistance to the drug suramin; nutrient
scavenging through the mediation of transferrin binding for iron import; and immune modulation, as they are known to trigger
a proinflammatory response whilst suppressing the activation of complement. Figure created with BioRender.com.

In contrast, T. b. gambiense neutralizes TLFs via a multifactorial mechanism that includes the
TgsGP [58,59], a GPI-anchored b-VSG protein lacking the CTD that localizes to the flagellar
pocket [58,60]. Unlike the SRA gene, TgsGRP is transcribed by pol-Il and is not contained within
the VSG expression site, but rather in the subtelomere of chromosome 21 [60]. Rather than
directly interacting with APOL-1, TgsGP induces membrane stiffening, rendering APOL-1-
mediated cell lysis inefficient. Haptoglobin-hemoglobin receptor inactivation due to an amino
acid substitution (L210S), and increased acidity in the endosomes, also contribute to the resis-
tance mechanism by preventing TLF-1 internalization and accelerating APOL-1 degradation, re-
spectively [59]. Both SRA and TgsGP show how host range evolves by VSG neofunctionalization.

Iron transport
T. brucei and T. congolense have a repurposed a-type VSG lineage that encodes TfRs (Fam15),
essential iron-binding proteins expressed at the flagellar pocket [61]. The TfR gene subfamilies of
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T. brucei (n = 23) and T. congolense (n = 45) are sister lineages derived from an a-type VSG in the
common ancestor of these two species. This follows because T. vivax lacks the TfR gene
subfamily but has a-type VSGs, making the TfR lineage younger [9]. In T. brucei, they are typically
arranged in tandem pairs (ESAG6 and 7) within the bloodstream VSG expression sites. In
T. congolense, TfR genes are mostly distributed throughout the subtelomeres, although a few
copies have been found associated with possible T. congolense VSG expression sites [32].

Drug resistance

In contrast to the long evolutionary timescale of the preceding examples, evolution of drug resistance
occurred in the last century due to the strong selective pressure imposed by drug treatment.
Suramin is a first-line drug for first-stage acute human sleeping sickness, but resistance has become
a major issue in clinics. T. b. rhodesiense and T. b. brucei resistance to suramin is caused by the
expression of a divergent VSG (VSG®") [62,63]. Although the exact mechanism of resistance is
unclear, drug internalization via the endocytic lysosomal pathway seems to be reduced [63]. Recent
resolution of the tertiary structure of VSG®*" by X-ray crystallography revealed that VSG" binds to
suramin, reducing the concentration of bioavailable drug entering the trypanosome cell [64]. Further-
more, newly produced VSG®" has been hypothesized to bind the imported suramin inside the
endosome, and to be then trafficked to the cell surface, effectively removing the drug from cells [64].

Besides these examples, structural variation among VSGs might reflect roles in other biological
processes, not yet identified.

Transmission

Whilst bloodstream-form parasite populations express a superabundant variant antigen,
T. brucei and T. congolense metacyclic parasites express a pool of coabundant metacyclic
VSGs [65-69]. In T. brucei and T. congolense, metacyclic VSG genes are different from one fly

NTD crystal structure Putative structure based on VSG3 NTD
VSG3 VR1/Fam1l VR9/Fam9 ESAG2
(PDB:6elc.1) (Tb927.6.1310) (Tb927.7.180) (Tb927.3.570)

1 w2 30 a0 s 600 1 w20 a0 a0 s 00 1 w2 30 a0 500 600 1 0 20 30 40 500 600

Trends in Parasitology

Figure 3. Putative 3D structures of the N-terminal domains of b-type nonvariant variant surface glycoprotein (VSG) genes. The solved structure of the VSG3
N-terminal domain (NTD) [24] was used as a template to predict the tertiary structures of three b-type nonvariant VSG genes by homology-modeling, using SWISS-MODEL
[98] at the ExPASYy server [99]. VSG3 is spatially arranged as a homotrimer, so each color represents a different monomer/chain. Tb927.6.1310 is a representative of the
VR1/Fam1 subfamily, which has been shown to encode a membrane protein restricted to the flagellar pocket and endosomes of bloodstream forms [9,61]. Th927.3.1500
is a member of the VR9/Fam9 subfamily, which is expressed on the bloodstream-form cell surface [61]. Tb927.3.570 encodes ESAG2 (Fam13), which is constitutively
expressed across the whole cell body membrane of bloodstream forms [61]. Below each 3D structure we show a comparison of NTD and C-terminal domain (CTD)
length of each protein. To determine the CTD and NTD of each gene, we chose an arbitrary boundary at the conserved tryptophan position (residue number 342 for
VSGY). Scale represents amino acid sequence length.
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generation to another. However, we showed recently that T. congolense VSG phylotype (P8), the
smallest phylotype in the T. congolense genome, is consistently expressed by metacyclic
parasites and maintained across transmission cycles [31]. Specifically, TcIL3000_0_09520
(TclL3000.A.H_000381200) was significantly enriched within metacyclic transcriptomes, relative
to its low copy-number in the genome, and was abundant in three metacyclic-stage VSG studies
[31,70,71]). The role of this specific gene remains unknown but it is also weakly expressed by
bloodstream-form parasites, in addition to the active VSG (unpublished datasets and [72]). It
may be constitutively expressed and no longer encoding a variant antigen, much like ESAG2 in
T. brucei [61], perhaps functioning as a receptor for host-derived factors or nutrients.

Tissue tropism

Antigenically variable pathogens are known to exploit tissue tropism as a survival strategy. In
malaria, differential variant antigen expression by Plasmodium parasites causes infected erythro-
cytes to avoid splenic clearance by cytoadhering to more immune-tolerant sites [73]. Borrelia
employs an analogous strategy: spirochetes expressing alternative antigenic variants invade
and persist in the brain to bypass the immune response and establish chronicity [74]. Similar
strategies may be employed by trypanosomes. For instance, T. brucei relies on tissue invasion
for the establishment of chronic infection and survival in the mammal [75], and we know that
parasites in the blood and tissues express different VSGs [76]. Do certain VSGs favor tropism
for specific tissues? Does T. brucei invade tissues as a means to amplify the antigenic diversity
of the parasite population in the host and impair the host’s immune response? How would this
apply to fully intravascular parasites, like T. congolense? The potential role of VSGs in tissue
preference and the importance of antigenic diversity for tissue-resident parasites has been
recently revisited by us [77] and is currently under investigation.

It appears generally true that, when VSG genes gain new functions, this coincides with divergence of
protein structure, including loss of domains or key amino acid residues that are essential for a variant
antigen. Typically, we label these genes as ‘atypical’ in relation to the canonical primary structure. This
is exemplified by the loss or reduction of the CTD in the VR, ESAG2, TgsGP, and SRA genes. If se-
quence evolution is an indicator of functional evolution, then, judging by the number of ‘atypical’ VSGs
that remain uncharacterized in T. brucei (such as ESAG2, VR genes, and T. b. evansi RoTat1.2 [78]),
there are many functions still to be discovered. Figure 3 illustrates this point by modeling the tertiary
structures of T. brucei VR1/Fam1, VR9/Fam9, and ESAG2, after threading their amino acid se-
quences onto the solved b-type T. brucei Lister 427 VSG3 NTD crystal structure [24]. Whilst real con-
formations might differ from the predictions, it is clear that the diversity in genetic structure among
VSGs will result in distinct proteins, perhaps distinct enough to localize to different cell compartments
or adopt diverse positions in the trypanosome cell membrane. And indeed, these may be just the be-
ginning of functional diversity within the family; the deeply conserved structural differences between
T. congolense and T. vivax VSG phylotypes could also point to important functional distinctions,
whether within, or in addition to, their variant antigen role.

Concluding remarks

VSGs are crucial for trypanosome survival because they provide raw material for antigenic varia-
tion, but also for innovation in host—parasite interactions. We now understand that the apparent
phenotypic similarity of antigenic variation in trypanosome infections contrasts with quite distinct
genetic bases in each trypanosome species, which will translate into mechanistic differences in
the near future (see Outstanding questions). We can also begin to appreciate how the family
has evolved. VSGs are constantly diversifying within species through gene duplication and
recombination, while repertoire diverges between species through selective loss and elaboration
of ancestral lineages. New evidence for functional differentiation and neofunctionalization within
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Outstanding questions

Do T. vivax and T. congolense VSGs
have similar 3D protein conformations
to T. brucei VSGs? How does that
affect the parasite’s surface?

Have Fam25 and Fam26 originated de
novo in T. vivax or have they been lost
in the lineage leading to T. congolense
and T. brucei?

Can T. suis genome sequences
explain how all T. brucei came to have
a conserved, homologous CTD when
other species do not?

What are the functions of T. brucei VR
genes (Fam1/Fam9) and ESAG2?

Why are TfRs largely confined to the
expression site in T. brucei, but to the
subtelomeres in T. congolense?

If the TfR subfamily is absent in T. vivax,
does this species have an analogous
receptor for sequestering host iron
and, if so, is this also derived from
VSGs?

Are mVSG repertoires predictable in
any African trypanosome species?

Does differential VSG expression play
a role in tissue invasion or vascular
adhesion?

Are all VSG genes in T. congolense and
T. vivax variant antigens, or do some of
them carry out other functions?

Can neofunctionalized VSGs that are
not variant antigens be employed as
vaccine candidates?
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the VSG family suggests that gene function is more nuanced than commonly assumed. In part,
this explains why there are so many VSG genes. Antigenic switching evolved to ensure novel
antigens are always emerging during infections, but it also encourages duplication and redundancy
in the genome. Altogether, our new perspective on the VSG family indicates that its importance in
host—parasite interactions, pathogenesis, and, therefore, potential for disease control, is likely to be
much deeper and more complex than we commonly imagine. Everything suggests that there is
much to gain by increasing efforts to dissect the functional implications of VSG diversity.
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