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African trypanosomes expressing multiple VSGs are
rapidly eliminated by the host immune system
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Trypanosoma brucei parasites successfully evade the host immune
system by periodically switching the dense coat of variant surface
glycoprotein (VSG) at the cell surface. Each parasite expresses
VSGs in a monoallelic fashion that is tightly regulated. The conse-
quences of exposing multiple VSGs during an infection, in terms of
antibody response and disease severity, remain unknown. In this
study, we overexpressed a high-mobility group box protein, TDP1,
which was sufficient to open the chromatin of silent VSG expres-
sion sites, to disrupt VSG monoallelic expression, and to generate
viable and healthy parasites with a mixed VSG coat. Mice infected
with these parasites mounted a multi-VSG antibody response,
which rapidly reduced parasitemia. Consequently, we observed
prolonged survival in which nearly 90% of the mice survived a
30-d period of infection with undetectable parasitemia. Inmuno-
deficient RAG2 knock-out mice were unable to control infection
with TDP1-overexpressing parasites, showing that the adaptive
immune response is critical to reducing disease severity. This study
shows that simultaneous exposure of multiple VSGs is highly det-
rimental to the parasite, even at the very early stages of infection,
suggesting that drugs that disrupt VSG monoallelic expression
could be used to treat trypanosomiasis.

Trypanosoma brucei | variant surface glycoprotein | monoallelic
expression | adaptive immune response | TDP1

igh-mobility group box (HMGB) proteins are characterized

by their small size, rapid mobility, and by containing at least
one high-mobility group box domain, responsible for DNA
binding (1, 2). HMGB proteins influence transcription by 3 dif-
ferent mechanisms: They facilitate nucleosome sliding by chro-
matin remodeling proteins (3, 4), they serve as transient
chaperones for stable binding of transcription factors (5), or they
participate in transcription blockage as part of a complex that
inhibits the assembly of a preinitiation complex on promoters
(6). HMGB proteins also participate in the regulation of ribo-
somal DNA (rDNA) genes, which are transcribed by RNA po-
lymerase I (Pol I). Upstream binding factor (UBF) in mammals
and Hmol in yeast are 2 HMGB proteins important for the
chromatin structure and transcription of rDNA loci (7, 8). Both
UBF and Hmol bind throughout actively transcribed rDNA (9,
10) while only UBF binds to the rDNA promoter as part of the
preinitiation complex (7). In yeast, a similar role is fulfilled at the
promoter by upstream-associated factor (UAF) (11). Nonethe-
less, UBF and Hmol are important to establish and maintain an
open chromatin conformation at Pol I loci (12).

Trypanosoma brucei is a unicellular parasite that causes Afri-
can trypanosomiasis, generally a deadly disease if untreated. T.
brucei is able to evade the host immune response, which is de-
pendent on B cells to control peaks of parasitemia, although it
remains unclear which immunoglobulins (Igs) are involved in
this process (13, 14). To avoid being eliminated by the immune
system, trypanosomes use antigenic variation, a process that
consists in periodically switching the major cell-surface protein,
the variant surface glycoprotein (VSG). Although the T. brucei
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genome encodes more than 2,000 VVSG genes and pseudogenes
(15), only one VSG is transcribed at any time in bloodstream
forms (BSFs), from 1 of the ~15 subtelomeric bloodstream ex-
pression sites (BESs) that are present in the genome (16).
Monoallelic VV'SG expression, together with VSG switching, is the
hallmark of antigenic variation.

During the life cycle of T. brucei, parasites shift between a
mammalian host and the tsetse (Glossina) vector (17). To survive
in such different hosts, parasites undergo major changes in gene
expression, which include replacement of VSGs by procyclins in
procyclic stages (18), and culminate in reexpression of VSGs in
the metacyclic forms, which reinfect a mammalian host (19).
Metacyclic VSG genes are transcribed from subtelomeric loci
called metacyclic expression sites (MESs). MESs are transcribed
monocistronically (16, 20, 21), in contrast to BESs, which are
polycistronic units that also encode a variable number of ex-
pression site-associated genes (ESAGs). On the other hand,
procyclin genes are located in the internal region of chromo-
somes distributed among 2 loci (22). Strikingly, both VSG- and
procyclin-coding genes are transcribed by Pol I (23, 24).

Significance

Many parasites escape the host immune system by undergoing
antigenic variation, a process in which surface antigens are
regularly shed and replaced by new ones. Trypanosoma brucei
employs multiple sophisticated molecular mechanisms to en-
sure the expression of a homogeneous VSG coat. We gener-
ated a mutant parasite that expresses multiple distinct VSGs
and studied the consequences of having a multi-VSG coat
during an infection. We showed that expression of multiple
VSGs makes the parasites more vulnerable to the immune re-
sponse, which can now control the trypanosomes from the
onset of the infection, allowing most mice to survive. In the
future, trypanosome infections may be treated using drugs
that generate parasites with multi-VSG coats.
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In bloodstream forms, the chromatin structures of transcribed
and silent BESs are significantly different. The actively tran-
scribed BES is depleted of nucleosomes (open state) while silent
BESs are enriched in regularly spaced nucleosomes (closed state)
(25, 26). Procyclin loci possess a more open chromatin structure
than silent BESs, which is consistent with the fact that procyclin genes
are transcribed in BSFs, but at a lower rate than in procyclic forms
(27). Posttranscriptional repression mechanisms also contribute to
preventing expression of procyclin proteins (28). MESs are not (or
are very poorly) transcribed in BSF and have a closed chromatin
structure (29).

Besides the multisubunit class I transcription factor A
(CITFA), which binds only to active BES promoters and is
necessary to initiate BES transcription (30), TDP1 is the only
core structural component described so far in the active BES
(31). TDP1, one of the few HMGB genes in T. brucei, encodes
the only identified nuclear HMGB protein, which is highly
enriched in regions transcribed by Pol I, namely the active BES
and rDNA genes (31). TDP1 is regarded as a Pol I transcription
facilitator, and its depletion results in a striking growth arrest,
increased histone abundance, with concomitant chromatin re-
pression at actively transcribed Pol I loci, and reduction of VSG
transcription. We have previously shown that TDP1 is important
in maintaining the open chromatin structure of the active BES
after inducing transcriptional silencing (32). This functional role
allows the probing of silent BESs before commitment to
switching to a new BES, or returning to the initial BESs, dem-
onstrating the importance of TDP1 in antigenic variation.

In the current study, we characterized the phenotype of a
TDP]I overexpression mutant in VSG gene regulation. We found
that TDPI overexpression decondensed the chromatin of silent
loci transcribed by Pol I, leading to a major disruption of VSG
monoallelic expression, without significantly affecting Pol II
transcription. During a mouse infection, these mutant parasites
were less proficient at escaping the host immune system, which
now generated antibodies against several VSGs, prolonging
survival of the host. Together with our previous results, these
observations highlight the importance of TDP1 as a key factor in
antigenic variation where its levels need to be tightly regulated.

Results

TDP1 Overexpression Is Well-Tolerated In Vitro. HMGB proteins
UBF and Hmol are structural chromatin components with an
essential role in Pol I elongation (8, 33). Overexpression of UBF1,
one of the proteins that compose the UBF complex, increases
rDNA transcription (34). On the other hand, overexpression of
Hmol causes yeast cells to enter vegetative growth (35). The T.
brucei HMGB protein TDP1 is a core component of chromatin at
Pol I loci. In this study, we assessed whether TDP1 overexpression
interferes with antigenic variation in 7. brucei.

A tetracycline-inducible system was first generated to condi-
tionally overexpress a C-terminal TY1 epitope-tagged TDPI
gene from the rDNA spacer locus in the PL1S cell line (Fig. 14)
(36). PL1S expresses VSG9 from BES2 and contains a luciferase
reporter gene in the promoter region of silent BES1. Two in-
dependent clones from this PL1S overexpressing TDP1 cell line
were named POT1 and POT2. Overexpression was first con-
firmed by Western blotting at 24 and 48 h (Fig. 1B). Expression
of the TY1-tagged allele was undetectable before induction, in-
dicating a tight control of the inducible expression in both clones.
After inducing expression, clear bands of the expected size could
be detected in both clones. However, at 24 h, intensity was higher
for POT1 while, at 48 h, it was higher for POT2, indicating that
overexpression was successful for each clone, but to different
extents. Both clones grew normally within the first 24 h of
overexpression, after which a small reduction in growth was
detected (Fig. 1C and SI Appendix, Fig. S1A4), but lethality was
never observed at later time points. In accordance with the minor
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Fig. 1. Inducible overexpression of TDP1 in bloodstream forms. (A) The cell
line POT is a derivative of PL1S (36), in which a tetracycline-dependent
overexpression construct for TDP1::TY1 was integrated in an rDNA spacer
locus. (B) Western blotting analysis of TDP1 protein after 24 and 48 h of
overexpression in 2 POT clones. Time point 0 h indicates noninduced con-
dition and shows no TDP1:TY1 protein. Each lane corresponds to lysates
from 1 x 10° cells. (C) Growth curve of POT1 before (Tet—, black curve) or
after (Tet+, gray curve) induction of overexpression. Three independent
experiments were analyzed and are represented as mean + SEM.
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growth rate changes, the cell cycle profile of POT2 clone was
normal after 24 h of TDP1 overexpression but showed small but
significant changes at 48 h (SI Appendix, Fig. S1B). It is possible
that this small growth defect may be due to the expression of
multiple VSGs since this defect has also been observed in histone
H1-depleted parasites (29) and VEX1 overexpressors (37). We
conclude that, unlike Hmol in yeast, TDP1 overexpression
causes only mild growth defects.

Deposition of TDP1 Specifically Facilitates Pol | Transcription. 7.
brucei TDP1 keeps chromatin of active BESs open in the pres-
ence (31) and absence (32) of transcription. Given that TDP1 is
a chromatin component of the actively transcribed BES, we hy-
pothesized that overexpression of TDP1 would lead to its loading
in sites typically devoid of TDP1. To test this hypothesis, we
performed chromatin immunoprecipitation (ChIP) using an an-
tibody that recognizes the TY1 tag present in the induced TDP1
allele (Fig. 24). To quantify the enrichment of TDP1 relative to
wild-type levels, we generated an isogenic cell line, PET (PLI1S with
endogenous TDP1 tag), which TY1 tags an endogenous TDP1 al-
lele. As previously reported (31, 32), ChIP revealed that the en-
dogenous TDP1 is present mainly in the actively transcribed Pol I
loci BSR (blasticidin-S resistance gene), VSG9, and 18S rDNA
genes, with very low levels detected at Pol II and Pol III transcribed
genes (Fig. 24). Upon TDP1 overexpression, the levels of TDP1
dramatically increased in all tested loci, including Pol II transcribed
genes (f-tubulin and GAPDH), Pol 1 silent loci (silent BESs,
GPEET2, and mV5G639), and the actively transcribed BESs (BSR
and VSG9). The efficiency of chromatin immunoprecipitation was
very similar for all loci, suggesting that TDP1 overexpression re-
duces its specificity.

To measure the effect of increased TDP1 in chromatin con-
formation, we employed formaldehyde-assisted isolation of reg-
ulatory elements (FAIRE), a method that preferentially extracts
chromosomal DNA that is poorly bound to histones: i.e., geno-
mic loci present in an open chromatin conformation (25, 29, 32).
Chromatin was prepared 24 and 48 h after TDP1 overexpression
in POT1 (Fig. 2B). At both time points, the chromatin of silent
BESs was clearly more open relative to the noninduced condi-
tion (Luciferase, VSG2, VSGI13, VSG6). At 48 h, the promoter
region of silent BESs, marked by Luciferase, opened ~100-fold
whereas the corresponding subtelomeric VSG (VSG2) opened
only 9-fold. This indicates that chromatin of silent BESs is not
fully open/decondensed and that there is a position-dependent
effect, as previously reported in other mutants (38). In-
terestingly, although the levels of TDP1 were similar in the silent
VSG2 and VSG13, the chromatin of the latter became 22-fold
more open, indicating that TDP1 is not the sole determinant of
chromatin structure at silent BESs.

Albeit less dramatically, the chromatin of other Pol I loci
also became more open. Chromatin at the silent MES
(mVSG639) became 4-fold more open whereas the procyclin loci
(GPEET2) became 5-fold more open (Fig. 2B). Although we
observed increased binding of TDP1 in genes from the active
BESs (BSR and VSGY9) and rDNA (18S), the chromatin con-
formation remained unchanged, probably because their chro-
matin is already fully open in the noninduced condition. Finally,
we also detected a slight but statistically insignificant increase in
chromatin accessibility of 2 genes transcribed by Pol II: s-tubulin
(4-fold) and GAPDH (3-fold). The combined results show that,
despite the overall increase in TDP1 association with chromatin,
the effects on different gene loci were varied and dependent on
both the starting levels of chromatin condensation and the RNA
polymerase transcribing that locus.

Next, we asked whether an increase in chromatin accessibility
in silent BESs would lead to higher levels of BES transcription.
To answer this question, transcript levels of several genes were
measured 24 and 48 h after inducing TDP1 overexpression (Fig.
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2C). Transcript levels of genes in silent BESs were increased
although the increase was higher in the promoter region (Lu-
ciferase, ~70- to 200-fold increase) relative to the telomeric re-
gion (VSG2 and VSG13, 3- to 5-fold and 20- to 30-fold increase,
respectively). These results are highly consistent with the chro-
matin accessibility measured by FAIRE; those genes in which
chromatin opened more were also more up-regulated. Tran-
scripts of life cycle-regulated MESs (mVSG639, 5- to 16-fold
increase) and procyclin (GPEET2, 3- to 4-fold increase) genes
were also slightly up-regulated, indicating that all Pol I low-
transcribed genes were derepressed. Conversely, active BESs
(BSR and VSG9) and rDNA (18S) genomic regions maintained
their transcription status, which is consistent with no changes in
chromatin conformation (Fig. 2B). Interestingly, transcript levels
of Pol II highly transcribed genes (i.e., g-tubulin and GAPDH)
and lowly transcribed genes (inhibitor of serine peptidase gene
[ISP] and procyclin associated gene 3 [PAG3]) were not affected
by TDP1 overexpression, even though the chromatin of these
loci was opened to a similar degree to the procyclin (GPEET?2)
and mVSG639 (Fig. 2 B and C and SI Appendix, Fig. S2). These
results show that TDP1 is sufficient to increase transcript levels
of several types of Pol I-dependent loci, but not of Pol II loci.

Overall, we observed that TDP1 overexpression opened the
chromatin structure of all tested genes whose chromatin is or-
ganized in regularly spaced nucleosomes, but its effect is more
pronounced in the chromatin of silent BESs. Consistently,
decondensation of chromatin was associated with an increase of
transcript levels of Pol I loci but not of Pol II, which agrees with
the role of TDP1 as a Pol I transcription facilitator.

TDP1 Overexpression Disrupts VSG Monoallelic Expression. VSG
monoallelic expression is a hallmark of antigenic variation. Al-
though derepression of silent BESs has been previously observed
in several T. brucei mutants (39, 40), the expression of several
VSGs at the cell surface has only been assessed and detected in a
few cases (36, 37, 41-44). Hence, next, we tested if the tran-
scriptional up-regulation in silent BESs caused by TDP1 over-
expression could be detected at the protein level.

First, we measured the activity of the luciferase reporter,
which is located downstream of the promoter of the silent BES1.
Given that the mRNA levels of this gene were highly increased
(Fig. 2C), we expected its luminescence activity to be concomi-
tantly higher (Fig. 34). Indeed, after 48 h of TDP1 overexpression,
the luciferase activity was higher in both clones and proportional
to the increase at the mRNA levels. Luciferase activity increased
almost 250-fold, which is much higher than found in previous
studies (maximum of 40-fold in TbRAP1 knockdown cells and
maximum of 10-fold in histone H1 knockdown cells) (29, 36).
Although this increase is very significant, it is still below the
levels of luciferase activity when its gene is localized in the
active BES (typically 1,000- to 4,000-fold higher) (36), in-
dicating that TDP1 is necessary but not sufficient for full acti-
vation of silent BESs.

To test the presence of derepressed VSG protein, we used
quantitative proteomics (37) (Fig. 3B). Cell-surface VSG was
obtained by activating the parasite endogenous phospholipase C,
which cleaves the dimyristoylglycerol lipid component of the
VSG GPI anchor and releases the soluble VSG onto the su-
pernatant (45), from which it was purified and analyzed by mass
spectrometry (MS). As expected, the control cell line PL1S only
presented VSGY at the cell surface (100%). However, 48 h after
TDP1 overexpression, VSG9 relative abundance decreased to
74%. The rest of the VSG coat was composed of 13 BES- and
MES-associated VSGs, especially VSGS8, VSG6, VSG17, and
metacyclic VSG1954. As observed at the RNA level, the 3 in-
dependent MS experiments consistently showed that some BESs
are more easily up-regulated than others or confer greater fitness
in culture. Furthermore, of the 13 derepressed VSGs, 10 were
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Fig. 2. TDP1 overexpression opens the chromatin structure of many loci, but only Pol I silent genes become significantly up-regulated. (A) TDP1 ChIP at 0, 24,
and 48 h after TDP1 overexpression induction in POT1 and in PET cell line, a control cell line isogenic to POT cell line in which an endogenous allele of TDP1 is
TY1-tagged instead of containing a TDP1 overexpression construct. Immunoprecipitated DNA was compared to the total input material. Four independent
experiments were analyzed and are represented as mean with SEM. (B) Chromatin conformation was measured by FAIRE at 24 and 48 h after overexpression
induction in POT1. DNA isolated by FAIRE was quantified by gPCR and normalized to genomic DNA (gQDNA) copy number and ampicillin gene from DNA spike.
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detected in all 3 experiments, and the 3 remaining (VSG14,
VSG653, and VSG531) were the least abundant VSGs detected
in this assay. This differential VSG deregulation has also been
previously observed upon VEX1 depletion and overexpression,
albeit with a different VSG expression pattern (37).

To test if VSG derepression leads to monoallelic disruption at a
single-cell level, we performed flow cytometry analysis of TDP1-
expressing parasites using antibodies against VSG9 and VSGS8
(raised in mouse) and VSG6 and VSG13 (raised in rabbit) (Fig. 4).
As expected, ~100% of the noninduced cells were recognized by an
anti-VSG9 serum, but not by antibodies against the silent VSGS,
VSG6, and VSGI13. Most cells continued to be recognized by
VSGY serum (99%) 48 h after TDP1 overexpression, which is
expected because this remains the actively transcribed VSG. Im-
portantly, TDP1 overexpressors were also positive for all 3 silent
VSGs, with 61%, 28%, and 6% of the cells expressing VSGS, VSG®6,
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and VSGI13, respectively, at the surface. Moreover, 23% to 29%
of cells are simultaneously positive in the double-staining with
VSG6 and VSGS sera while 8% of TDP1 overexpressors are
simultaneously positive with VSG13 and VSGS8 sera. The
higher percentage of cells expressing VSG6/VSG8 compared to
VSG13/VSGS is consistent with the proteomic analysis, in
which we found that VSG6 is more abundant than VSG13
(3.5% and 0.2% of the total surface VSG content, respectively)
(Fig. 3B). Overall, this analysis shows that, while ~100% of
TDP1 overexpressors express the same active VSG (VSGY), at
least 2 combinations of additional VSGs are present at the parasite
surface (VSG13 and VSGS, or VSG6 and VSGS). Thus, we show
at the single cell level that VSG monoallelic expression is
clearly disrupted.

TDP1 Overexpression Leads to a Multi-VSG Antibody Immune Response.
Next, we asked whether the mouse immune system would be sen-
sitive to the loss of monoallelic expression in TDP1-overexpressing
parasites. By flow cytometry, we tested whether the antisera of mice
infected with POT?2 parasites recognized multiple VSGs or only the
actively expressed VSG9. Mice were infected with POT2 parasites
in which TDP1 overexpression was induced (with doxycycline) or
not (without doxycycline). Parasitemia was confirmed at 4 and 5 d
postinfection, and mice were then treated with Berenil. Four days of
infection is sufficient to activate the immune system to produce
immunoglobulins while Berenil treatment ensures that mice survive
for 8 d producing high titers of immunoglobulins (Fig. 54). To test
VSG specificity, the 2 POT sera (with or without induction of TDP1
overexpression) were individually incubated with 4 different parasite
cell lines that express different VSGs (VSGY, VSGS8, VSG2, and
VSG13). First, we confirmed that each parasite cell line homoge-
nously expressed the expected VSG and was not recognized by
another anti-VSG antibody (Fig. 5B). As expected, each parasite
cell line was recognized by its specific antibody, but not by any of the
other 3. Next, we tested whether serum from the noninduced POT2
infection could recognize parasites from the cell lines that singly
express VSGY, VSGS8, VSG2, or VSG13. As expected, the serum
recognized the actively transcribed VSG (VSG9), but none of the
other VSGs (VSGS, VSG2, or VSG13). In contrast, sera obtained
from mice infected with induced POT2 parasites recognized not
only VSG9Y, but also the remaining 3 VSGs tested (Fig. 5B). Among
the previously silent VSGs (VSGS8, VSG2, and VSG13), the
staining intensity was proportional to the abundance of these
VSGs in the proteome (Fig. 3B) although it could also be influ-
enced by other factors, including antibody affinity and avidity.
Nevertheless, the observation that POT2*' antisera did not
strongly recognize VSG13-expressing parasites is not surprising as
VSG13 is only slightly derepressed in TDP1-expressing parasites
(Figs. 3B and 4B).

Overall, we conclude that disruption of VSG monoallelic ex-
pression in TDP1l-overexpressing parasites elicits a different
immune response from wild-type parasites. Instead of generating
immunoglobulins against a single VSG, mice generate a multi-
VSG antibody immune response.

The Adaptive Imnmune Response Is Required for Reduced Parasite Burden
and Longer Host Survival. To evaluate the impact of a multi-VSG
antibody response in the development of an infection in vivo, we
induced TDP1 overexpression for 24 h in vitro and inoculated
20 parasites in wild-type C57BL/6J mice. Doxycycline was ad-
ministered throughout the infection to maintain TDP1 over-
expression. Infection with noninduced POT?2 parasites led to a
rapid increase in parasitemia in the first days, reaching 10° to 10°
parasites per milliliter (Fig. 6 A and E). Remarkably, upon TDP1
overexpression, no parasitemia could be detected at any day in
7 out of 8 mice (Fig. 6 B and E). These 7 animals showed no signs
of disease until they were killed, suggesting that they may have
resolved the infection (Fig. 6F). The same tendency was observed in
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infections with the POT1 clone, but to a lesser extent (SI Appendix,
Fig. S3). TDP1 overexpression in POT1 caused lower parasitemia
in the first week than in noninduced clones, and, beyond the first
peak, parasitemia was detectable in ~50% of the days scored
(SI Appendix, Fig. S3 A and B). Overall, in both clones, TDP1
overexpression resulted in lower parasitemia and a prolonged
mouse survival, with 88% of mice infected with POT2 and 40%
of mice infected with POT1 surviving a 25-d infection (Fig. 6F
and SI Appendix, Fig. S3F).

In a normal infection, the control of parasitemia and host
survival strongly depend on the immune response. Given that
infection with TDP1-overexpressing parasites results in a multi-
VSG antibody immune response (Fig. 5B), we asked how the
lack of an adaptive immune response would affect the infection
course. For that, we repeated the infections using RAG2 knock-
out (RAG27") mice, and we followed parasitemia and host
survival. RAG2™~ mice fail to produce mature B and T lym-
phocytes due to loss of initiation of V(D)J recombination (46),
but they retain an innate immune response. Infection of
RAG2™" mice with noninduced POT2 showed an earlier de-
tection of parasitemia relative to an infection in wild-type mice,
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suggesting that lymphocytes exert a slight negative impact in the
growth of noninduced POT?2 clone (Fig. 6 A4 and C). Importantly,
infection of RAG2™~ mice with TDP1-overexpressing parasites
led to profound changes in the parasitemia curves relative to
wild-type mice: For POT2, only a single mouse showed detect-
able parasitemia in wild-type mice where all RAG2™~ mice
presented parasitemia during the course of the infection (Fig. 6
B and D). In infections with induced POT1 clone, we observed
the same tendency: In RAG2™~ mice, parasitemia appeared
earlier and reached higher levels sooner than in wild-type mice
(81 Appendix, Fig. S3 B and D). These results clearly indicate that
the adaptive immune response is responsible for the significant
suppression of infection with TDP1-induced POT clones.
Interestingly, when we compared the parasitemia curves of
RAG2™~ mice infected with noninduced and induced POT
clones, we observed that the parasitemia patterns were not
identical: TDP1 overexpression led to only 63% of days with
detectable parasitemia while this was close to 100% when TDP1
was not overexpressed (Fig. 6E). These differences may be due
to the slight growth defect associated with multiple-VSG expression
(Fig. 1C) or to a component of the innate immune system that
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Loss of VSG monoallelic expression triggers a multi-VSG antibody response. (A) Diagram of the pipeline used to assess the antibody response in
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the 4 VSGs. The fold change between staining intensity of the induced vs. the noninduced POT sera is indicated. Representative experiment of 2 in-

dependent experiments.

modestly contributes to the control of mutant parasites. These dif-
ferences were consequently reflected in mice survival: 21 d or 12 to
13 d when TDP1 is overexpressed or not, respectively (Fig. 6F).
The different parasitemia patterns in the 4 infection conditions
translated into differences in host survival. Upon doxycycline-
induced TDP1 expression in POT?2 clone, wild-type mice survived
longer than the 30 d of experiment while RAG2™~ mice died at
21-d postinfection. In contrast, in noninduced conditions, both
wild-type and RAG2™~ mice showed similar survival times (12 to
13 d) (Fig. 6F). The same trend was observed with POT1 clone,
albeit the infection phenotype was milder (SI Appendix, Fig. S3F).
The infections in mice lacking an adaptive immune response
clearly show that TDP1 overexpression alone has a slight detri-
mental impact on infection: parasitemia does not rise as sharply
in the presence as in the absence of doxycycline (Fig. 6 C and D).
Nevertheless, our results clearly show that the most dramatic
phenotype is detected due to an interaction between the mutant
parasite and the adaptive immune response (Fig. 6B). The fact
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that wild-type mice infected with TDP1-overexpressing parasites
mount a multi-VSG antibody response appears to enable a more
effective control of the infection, leading to very low (or un-
detectable) parasitemia and better disease prognosis.

Discussion

TDP1 is the only identified nuclear HMGB protein in 7. brucei,
and it seems to play a pivotal role in antigenic variation. This
protein has been previously shown to be a Pol I transcription
facilitator (31), and, in the absence of transcription, it is crucial
to stabilize chromatin in an open conformation, similar to the
yeast ortholog Hmol (47). Here, we show that overexpression of
TDP1 induced 3 different molecular phenotypes.

First, upon TDP1 overexpression, the chromatin conformation
of Pol IlI-transcribed regions became slightly more open, but this
did not result in an increase in the transcript levels of those genes.
Yeast Hmol also binds to Pol II-transcribed loci (48, 49), but, in
contrast to 7. brucei, this binding contributes to Pol II transcription
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initiation (50, 51) and leads to a major growth defect (35). In 7. cistronic nature of transcription in trypanosomes. Previous studies
brucei, TDP1 is insufficient to increase transcription of Pol  have also found that chromatin alterations that have an effect on Pol
II-transcribed loci. In fact, this is not so surprising, given the poly- I transcript levels have no significant impact on Pol II genes (29, 37).
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Second, upon TDP1 overexpression, the chromatin confor-
mation and transcription rates of the active BES and rDNA loci
were unaltered, which is presumably because these loci have fully
open chromatin by default. This is consistent with the previous
observation that depletion of histone H1 leads to chromatin
opening of several Pol I loci, but not 185 (29), suggesting that all,
or almost all, IDNA genes in 7. brucei are always in an open
chromatin conformation.

Finally, upon TDP1 overexpression, we observed that the
chromatin of BESs, MESs, and procyclin loci acquired a more
open conformation and that the transcript levels of these loci
increased. Why silent BESs are never fully derepressed in
TDP1 overexpression POT clones remains unknown, but this has
been observed in all mutants described so far to have a pheno-
type in VSG expression loci (36-38, 41-44). It is possible that the
levels of TDP1 were not high enough to displace all histones
from silent BESs or alternatively that additional levels of regu-
lation or cross-talk between BESs prevent a silent BES from
being transcribed at the same level as the active BES. There are
previous reports that trypanosomes may be able to count the
number of VSG RNA molecules so overall VSG levels remain
constant upon expression of a second VSG (52, 53). Overall,
these results indicate that TDP1 shares several functional fea-
tures with UBF (structural component and transcriptional fa-
cilitator of Pol I loci in mammals) and Hmol (structural
component of both Pol I and Pol II loci in yeast). However, it is
not a bona fide ortholog of either of them because UBF does not
bind Pol II-transcribed loci and Hmol is not involved in Pol I
transcription initiation (this function is fulfilled by UAF).

TDP1 overexpression increases the diversity of VSGs detect-
able at the cell surface of this mutant. A similar VSG diversity
has been previously observed in VEX1 mutant although the
proportion of silent VSGs at the cell surface upon TDP1 over-
expression is higher than upon overexpression of VEX1 (28% vs.
9%) (37). Interestingly, both studies revealed the same group of
VSGs becoming preferentially up-regulated, suggesting a pref-
erence for certain VSGs in vitro. The molecular basis for this
preference is unknown, but it may be related to the chromatin
environment of their genes. The detection of very high levels of
VSGs at the cell surface in POT clones is consistent with the
luciferase assay. Luciferase activity increased 250-fold upon
TDP1 overexpression while, in other mutants (histone H1 and
RAP1 knockdowns), this increase was around 10- to 40-fold (29,
36). Overall, our results indicate that TDP1 has a strong influ-
ence on VSG gene expression.

Expression of only one VSG at the cell surface of 7. brucei is
thought to be crucial to focus the repertoire of antibodies gen-
erated by the host immune system at a given time, hence favoring
a long-term persistent infection. Although each peak of para-
sitemia contains parasites monoallelically expressing dozens of VSG
variants, the large repertoire of VSGs in the genome, together with
the ability to generate mosaic VSGs, allow the maintenance of a
chronic infection (54). The monomorphic Lister 427 strain used in
this study avoids the formation of the nondividing stumpy form (55)
and, in mice, typically leads to death of the host in the first or second
peak of parasitemia (29). However, under TDP1 overexpression, the
survival of mice was remarkably prolonged.

When we compared the outcome of infections of TDPI1-
overexpressing parasites in wild-type and RAG2™~ mice, we
observed that RAG2™~ mice succumbed to infection much
faster than wild-type mice. These data show that the adaptive
immune response is very important in the control of infection of
TDP1-overexpressing parasites. This is consistent with current
knowledge about the immune response against African try-
panosomes, in which B cells and anti-VSG Ig responses are
considered to be the first line of host defense (14, 56). We
propose that simultaneous exposure to multiple VSGs triggers
the activation of multiple B cells, resulting in a faster kinetics of
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Ig production, ultimately killing parasites and reducing para-
sitemia. This mechanism may also underly the prolonged survival
and reduced parasitemia observed in mice infected with histone
Hl-depleted parasites (29). In this mutant, VSGs were also
derepressed 4- to 10-fold at RNA level, and, although this was
not tested, probably several VSGs were expressed at the cell
surface. In the future, it will be interesting to check if parasites
that express more than one VSG at the cell surface (29, 37, 57)
generate the production of multiple types of immunoglobulins by
the host and whether prolonged survival depends on a minimum
number of different VSGs and on their levels or identities.

In the absence of an adaptive immune response, over-
expression of TDP1 has a slight detrimental impact on infection.
The reasons for this defect are not clear. Given that mutant
parasites grow slower in vitro, they may also do so in vivo. In-
deed, other mutants that express multiple VSGs at the surface
show slight growth defects in vitro (29, 36, 37). This could be due
to a saturation of the endocytic pathway that is overloaded with
recycling VSG (58) and/or due to the presence at the surface of
more than 1.5-fold the normal levels of VSG, a molecular crowding
threshold estimated by Hartel et al. (59). An alternative explanation
is that the innate immune response (still present in RAG2 knock-
out mice) has a stronger effect in TDP1-overexpressing parasites
than wild-type parasites. As a potential therapeutic approach, it
would actually be desirable if a multi-VSG—expressing parasite were
not only more efficiently eliminated by the adaptive immune re-
sponse but also grew slower or were more susceptible to innate
immune response.

Dubois et al. (60) had previously shown that an infection with
another trypanosome subspecies (Trypanosoma brucei rhodesiense)
simultaneously expressing 2 VSGs did not activate early T-
independent B cell responses to produce VSG-specific anti-
bodies, suggesting that transient expression of 2-VSG coats
provided an immunological advantage for the parasite. The au-
thors mentioned that, despite the reduced production of anti-
bodies, mice survival was independent of parasites having single
or double-VSG coats. The differences between this study and
ours are numerous and could contribute to the apparent oppo-
site phenotypes: 1) In our study, POT parasites expose VSG9
and minor quantities of several other VSGs while parasites in the
Dubois et al. study expressed only 2 VSGs (VSG LouTatl and
VSG117); it is likely that the variety of epitopes and perhaps of
sugars present in POT clones is higher than in double-VSG coats,
affecting immune response; 2) infections were established with
different 7. brucei subspecies, which could trigger different im-
mune responses; 3) we used a more virulent monomorphic strain,
which cannot produce tsetse-transmissible forms, while Dubois
et al. used a transmission-competent pleomorphic strain; 4) the
number of parasites used to initiate the infection was very dif-
ferent (Dubois et al. used 100,000 parasites while we used 20); this
likely has a significant impact in the activation of the immune
response and favored the early parasite growth in their study.

Giardia lamblia, a causative agent of intestinal disease, also
undergoes antigenic variation by switching its variant surface
proteins (VSPs) (61). Knocking down the RNA-dependent RNA
polymerase (RnRP) or Dicer in this parasite induces expression
of multiple VSPs at the cell surface of trophozoites (62). In-
fection with these parasites generates a strong immunological
response that prevents infection with subsequent Giardia chal-
lenges, showing that antigenic variation is essential for parasite sur-
vival in vivo (63). A major difference between the in vivo effects of
the loss of monoallelic expression in Giardia and African trypano-
somes is that the loss of RnRP or Dicer does not affect the outcome
of the primary infection. In contrast, the TDP1-overexpressing mu-
tant is highly susceptible to the adaptive immune response, and in-
fection is often resolved. Thus, while disrupting antigenic variation in
Giardia could be used as a vaccine strategy, in 7. brucei, it could only
provide a therapeutic strategy.
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Overall, TDP1 overexpression disrupts VSG monoallelic ex-
pression as a consequence of its high loading in silent BESs and
stimulation of transcription. Infection with parasites that over-
express TDP1 results in reduced parasitemia and prolonged host
survival, an effect strongly dependent on the presence of an
adaptive immune response. Our study reveals that the generation
of a multi-VSG antibody response leads to a dramatic reduction
in parasitemia that remains undetectable in most mice on most
days, resulting in a better prognosis for the host. We conclude
that TDP1 is pivotal for antigenic variation and its endogenous
levels are critical for trypanosomes to evade the immune system
and survive in the mammalian host. Moreover, our study raises
the possibility for the development of new strategies to treat
African trypanosomiasis, in which forced exposure to multiple
VSGs at the surface of individual cells would make them more
susceptible to the host’s immune system.

Materials and Methods

For details of T. brucei growth and manipulation, plasmids, RNA quantifi-
cation, Western blotting, flow cytometry, FAIRE, ChIP, quantitative mass
spectrometry, animal infections, and sera characterization, see S/ Appendix,
Materials and Methods. All T. brucei cell lines derive from strain Lister 427.
PL1S and VSG13-expressing cell lines were described in refs. 36 and 42, re-
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spectively. VSG8- and VSG11-expressing cell lines were described in ref. 64. All
mass spectrometry measurement files are deposited at the ProteomeXchange
consortium via PRIDE (PXD014803). The animal facility and the experimental
procedures complied with European Union regulations and were approved by
the Instituto de Medicina Molecular Animal Care and Ethics Committee
(AWB_2016_07_LF_Tropism).
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