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African trypanosomes, such as Trypanosoma brucei (T. brucei), are protozoan parasites
of the mammalian vasculature and central nervous system that are best known
for causing fatal human sleeping sickness. As exclusively extracellular parasites,
trypanosomes are subject to constant challenge from host immune defenses but they
have developed very effective strategies to evade and modulate these responses
to maintain an infection while simultaneously prolonging host survival. Here we
investigate host parasite interactions, especially within the CNS context, which are
not well-understood. We demonstrate that 7. brucei strongly upregulates the stress
response protein, Heme Oxygenase 1 (HO-1), in primary murine glia and macrophages
in vitro. Furthermore, using a novel AHADH™ T. brucei cell line, we demonstrate that
specific aromatic ketoacids secreted by bloodstream forms of T. brucei are potent drivers
of HO-1 expression and are capable of inhibiting pro-IL1B induction in both glia and
macrophages. Additionally, we found that these ketoacids significantly reduced IL-6 and
TNFa production by glia, but not macrophages. Finally, we present data to support
Nrf2 activation as the mechanism of action by which these ketoacids upregulate HO-1
expression and mediate their anti-inflammatory activity. This study therefore reports
a novel immune evasion mechanism, whereby T. brucei secretes amino-acid derived
metabolites for the purpose of suppressing both the host CNS and peripheral immune
response, potentially via induction of the Nrf2/HO-1 pathway.

Keywords: trypanosomes, keto acids, immune suppression, macrophages, glia

INTRODUCTION

Human African Trypanosomiasis (HAT), also known as African sleeping sickness, is caused by
infection with the parasite Trypanosoma brucei (T. brucei). There are two species of T. brucei
which cause HAT; Trypanosoma brucei gambiense, which is responsible for 98% of HAT cases
and results in a chronic disease course, and Trypanosoma brucei rhodesiense, which causes a rare
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zoonotic form of HAT with an acute disease course. T. brucei
infection is transmitted by the tsetse fly, which alongside human
and animal reservoirs complete the parasite’s life cycle (1).
Although the disease course of HAT can vary with T. brucei
species, the disease is fatal in all cases unless treated. Despite
recent encouraging developments, existing therapies for HAT
remain strain and stage dependent. There are particular issues
during the meningo-encephalitic stage with many drugs causing
undesirable and often dangerous side effects or exhibiting a low
therapeutic index. In addition, the emergence of drug resistance
strains, and difficulties in administering intensive drug regimens
in the rural and impoverished communities where the majority of
HAT cases are located, all contribute to the need to develop new
treatment strategies against T. brucei infection (2).

Although the immune system has multiple lines of defense
against parasitic infections, T. brucei has developed mechanisms
to avoid immune clearance, allowing it to persist as an
exclusively extracellular parasite in the host and facilitate further
transmission via the tsetse fly vector (3). The best studied
immune evasion strategy employed by T. brucei is antigenic
variation of the single variable surface glycoprotein (VSG) that
covers the surface of the parasite (4). Macrophages act as
one of the first lines of defense against T. brucei infection,
with M1-type immune responses such as the production of
pro-inflammatory mediators TNF-o and nitric oxide (NO)
recognized as particularly important in parasitemia control
[reviewed in (5)]. However, as strong immune responses pose
a threat to the survival of trypanosomes and are potentially
deleterious to the host, T. brucei acts to dampen the immune
response in order to evade clearance by the immune system
and promote host survival (3, 6). The second, meningo-
encephalitic, stage of HAT occurs when T. brucei penetrates
the blood brain barrier and is characterized by disturbances
of the central nervous system (CNS) (2). It is unclear exactly
why or how trypanosomes enter the brain, however it is known
that immune activation of glial cells in the CNS occurs in
response to trypanosome invasion (7-9). Despite the central
contribution of the CNS invasion by T. brucei to the pathology
and mortality of HAT, relatively little is known about how
trypanosomes suppress the CNS immune response to facilitate
their persistence in the brain and continued survival of the
host (10).

Heme-oxygenase 1 (HO-1) is a stress-inducible enzyme
which catalyzes the conversion of free heme to biliverdin
and iron, with the concomitant release of carbon monoxide.
Biliverdin can be further metabolized to bilirubin by biliverdin
reductase. HO-1 and its products, biliverdin, bilirubin and
CO, are well-known for their anti-inflammatory and anti-
oxidant properties (11-15). Upregulation of HO-1 has been
observed in certain parasitic infections, including Plasmodium,
Fasciola hepatica, and Leishmania chagasi (16-18). Furthermore,
expression of HO-1 has been associated with inhibition of
the host immune response and parasite persistence (16-19).
Interestingly, increased expression of HO-1 has also been
observed in a model of T. brucei infection, however this has been
attributed as a response to trypanosomiasis-associated anemia
(3). How parasites such as T. brucei upregulate host HO-1

expression, and its consequences for the host immune response
and survival, remains poorly understood.

It has long been recognized that trypanosomiasis is
accompanied by a decrease in host circulating aromatic
amino acids (tryptophan, tyrosine and phenylalanine) (20-25).
This decrease occurs as a result of the constitutive uptake
and subsequent transamination of aromatic amino acids by an
unusual cytoplasmic aspartate aminotransferase (TbcASAT) in T.
brucei (Supplementary Figure 1). This transamination reaction
appears essential and results in the continuous production
and excretion of aromatic ketoacids which can approach
millimolar levels in circulation in infected animals (26-29).
Interestingly, one of these aromatic ketoacids, indole pyruvate,
derived from transamination of tryptophan, strongly suppressed
LPS-induced pro-inflammatory cytokine IL-1f by macrophages
(30). This result raised the possibility that trypanosomes
secrete aromatic ketoacids within their hosts to lessen systemic
pathologies associated with a persistent infection. However,
anti-inflammatory effects for the other aromatic ketoacids,
hydroxy-phenylpyruvate, and phenylpyruvate, derived from
transamination of phenylalanine and tyrosine, respectively, have
not been reported.

In this study, we explored this idea further and investigated the
effects of aromatic ketoacids in both CNS and peripheral immune
cells. We demonstrate that the trypanosome secretome strongly
induces expression of the anti-inflammatory enzyme, HO-1, in
glial cells. Using a novel T. brucei cell line which can metabolize
aromatic ketoacids further to aromatic hydroxyacids, we have
confirmed that trypanosome-generated aromatic ketoacids are
not required for T. brucei growth, and that they mediate the
induction of HO-1 in glia by the trypanosome secretome.
Therefore, we report for the first time that the induction
of HO-1 by T. brucei is mediated by trypanosome-derived
aromatic ketoacids, and that this is achieved via Nrf2 activation.
Furthermore, we demonstrate that these aromatic ketoacids
are capable of inhibiting pro-inflammatory immune responses
by glia and macrophages. Our study suggests a novel host-
pathogen interaction whereby T. brucei secrete metabolites for
the purposes of host immune suppression, via induction of the
anti-inflammatory Nrf2/HO-1 pathway.

MATERIALS AND METHODS

Reagents

The aromatic ketoacids indole pyruvic acid, hydroxy-
phenylpyruvate and phenylpyruvate were purchased from
Sigma Aldrich and dissolved in DMEM to a final concentration
of 2mM before use. Ultrapure lipopolysaccharide (LPS) from E.
coli serotype O111:B4 was purchased from Invivogen.

Mice

C57BL/6 mice were bred and housed under specific pathogen free
conditions in the department of Comparative Medicine, Trinity
College Dublin. All procedures were performed according to
regulations and guidelines of the Trinity College Dublin Ethics
Committee and under licensing of the Health Product Regulatory
Authority (HPRA), Ireland.
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Glia Cultures
Whole brains were obtained from <1 day old C57BL/6 mice
and dissected, chopped and placed in DMEM supplemented with
10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (all Sigma Aldrich). Tissue was triturated, the
suspension was filtered through a sterile mesh (40 pm) and
centrifuged (800 g, 5 min, 20°C). The cell pellet was resuspended
and cultured in complete DMEM at 37°Cina 5% CO; humidified
environment for 12-14 days. After 24h, media was replaced
with complete DMEM containing granulocyte macrophage-
colony stimulating factor (GM-CSF; 10ng/ml, R&D Systems)
and macrophage-colony stimulating factor (M-CSF; 20 ng/ml,
R&D Systems), and replaced again every 3-4 days.
Non-adherent microglia were isolated by shaking (100 rpm,
2h at room temperature), tapping and centrifuging (800 g,
5min, 20°C). Remaining mixed glial cells were then removed
by trypsin-EDTA digestion for 5min, counted and plated at a
concentration of 2.5 x 10° cells/ml in complete DMEM.

Bone Marrow Derived Macrophage

Cultures

Primary bone marrow derived macrophages (BMDM) were
obtained from the hind legs of adult C56BL/6 mice. Bone marrow
from the tibiae and femurs was flushed out with complete DMEM
and triturated. The cell suspension was centrifuged (300 g, 5 min,
20°C) and the cell pellet resuspended in ammonium chloride
solution for 2 min to lyse red blood cells. Cells were centrifuged
and resuspended in complete DMEM supplemented with 20%
1929 medium containing M-CSF. Cells were seeded into petri
dishes at a concentration of 5 x 10° cells/ml, 10 ml per dish,
and incubated at 37°C in a 5% CO, humidified environment.
After 3 days 1 ml of L929 medium containing M-CSF was added
to each petri dish. Cells were harvested on day 6 by scraping
adherent cells, which were then centrifuged (300 g, 5 min, 20°C),
resuspended in complete DMEM supplemented with 10% 1929
medium containing M-CSF and plated at 1 x 10° cells/ml.

Culture and Growth of Trypanosoma brucei
The species of T. brucei used in this study was the monomorphic,
trypomastigote stage of Trypanosoma brucei brucei. The strain
used was MITat 1.2, also termed Lister 427-2, that were
modified to express T7 polymerase and Tet repressor elements
and was maintained by selection in G418 (2.5ug/ml) and
hygromycin (5 pig/ml). Trypanosomes were cultured in sterile
Hirumis’ Modified Iscoves Medium, formulation 9 (HMI-9),
supplemented with 10% FCS, 180mM NaHCOs3, 1mM -
mercaptoethanol, 50 mg/l ampicillin and streptomycin, at pH 7.5.
Trypanosomes were cultured at 37°C in a 5% CO, humidified
environment. Cell growth density was maintained at a range
between 1 x 10° cells/ml and 2 x 10° cells/ml.

Generation of AHADH" T. brucei

The related trypanosomatid T. cruzi, which causes American
trypanosomiasis, does not secrete ketoacids which are instead
metabolized further to the corresponding aromatic hydroxy acids
by the enzyme L-alpha-hydroxyacid dehydrogenase (AHADH)
(28, 29). In order to confirm that the ketoacids secreted by

T. brucei mediate the observed increase in HO-1 expression
in mixed glia treated with T. brucei supernatant, a novel T.
brucei cell line with inducible AHADH expression was created.
This conditional cell line was generated using p3859, a plasmid
that allows tetracycline-inducible expression of transgenes (29).
The complete open reading frame of AHADH (EMBL accession
number AF112259, TriTrypDB gene ID TcCLB.506937.10) was
amplified from Trypanosoma cruzi (T. cruzi) genomic DNA with
the primers shown in Table 1 and subcloned into the pGEM-T
vector. Positive clones were selected and sequenced. In order to
remove the internal Not I restriction site present in the AHADH
sequence, site-directed mutagenesis was performed on the cloned
AHADH (in pGEM-T) using PCR and specific primers designed
to mutate a single base of the AHADH Notl site (Table1).
Following Dpnl digestion the amplification products were used
to transfect E. coli, subsequently positive clones were selected and
confirmed by digest/sequence analysis. The complete AHADH
open reading frame was then excised from pGEM-T using a Hind
III/BamH I double digest, and subcloned into Hind III/BamH I
double digested p3859. Insertion of AHADH into the digested
P3859 was confirmed by restriction digests and PCR. The plasmid
was then subjected to Not I digestion, to allow targeting of
the construct to the non-transcribed spacer in the rRNA locus,
and used to transfect bloodstream forms T. brucei. Positive
clones were selected for and maintained in complete HMI-9
supplemented with 5 pg/ml blasticidin, 2.5 ug/ml G418, and 5
pg/ml hygromycin.

AHADH Assay

AHADH was used to detect the production of the ketoacids
in a NADH coupled reaction as previously described (30). The
decrease in absorbance at 340nm was used to monitor the
reaction; change in absorbance correlates directly to ketoacid
production. The assay was performed using Tris buffer (25 mM,
pH 7.4), NaCl (50 mM), NADH (0.25mM), and AHADH
(850 U), to a final volume of 1 ml.

Viability Measurement

Viability of mixed glia and BMDM was measured by reduction of
alamarBlue™ (BioRad) reagent. A volume of alamarBlue equal
to 10% of the cell culture volume was added to each well and

TABLE 1 | Primer sequences.

AHADH F 5'-GCGAAGCTTATGTTTTTTGAAGGTGCATGC
GCGAAGGTG-3

AHADH R 5/-CCGGATCCTTACAATGCCAAAGACAGCGA
CTCCGA-3

AHADHNotIMuta F 5'-TCATTGCCGGAGGCCGCATGTTGG-3'

AHADHNotIMuta R 5'-CCAACATGCGGCCTCCGGCAATGAGGG-3'

NQO1F 5'-GCTGCAGACCTGGTGATATT-3/

NQO1 R 5/-TGTAGGCAAATCCTGCTACG-3/

GSR F 5/-GGAAGCAGCCCTTCATCTTT-3/

GSRR 5/-TGGCAACTGTTCCTGAACTC-3/

p-Actin F 5/-GGACTCCTATGTGGGTGACGAGG-3'

p-Actin R 5'-GGGAGAGCATAGCCCTCGTAGAT-3
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the plate was swirled gently to mix. Cells were incubated at 37°C
for 6-18h and then absorbance was read at 570 and 600 nm.
The 600 nm absorbance values were subtracted from the 570 nm
values, and cellular viability was expressed as a percentage of the
untreated control.

Western Blotting

For detection of HO-1 expression, mixed glia or BMDM
were cultured in the presence of trypanosomes, trypanosome
supernatants or ketoacids (0.25-1mM) for 24 h. For detection
of pro-IL-1p and iNOS mixed glia or BMDM were cultured
in the presence of ketoacids (0.25-1 mM) for 30 min prior to
stimulation with LPS (100 ng/ml) for 24h. Cell lysates were
prepared by washing cells in PBS prior to lysis in RIPA buffer
(Tris 50 mM; NaCl 150 mM; SDS 0.1%; Na.Deoxycholate 0.5%;
Triton X 100; all Sigma-Aldrich). For detection of Nrf2 mixed
glia or BMDM were cultured in the presence of ketoacids (0.25-
1 mM) for 6-24h, then washed in PBS and lysed in Laemmli
loading buffer. Samples were electrophoresed and transferred
to PVDF membranes which were then blocked in 5% non-
fat milk and incubated with monoclonal antibodies specific for
HO-1 (Enzo Life Sciences), pro-IL-1p (R&D systems), iNOS or
Nrf2 (both Cell Signaling) overnight at 4°C. Membranes were
then washed in TBS-Tween and incubated with appropriate
streptavidin-conjugated secondary antibody (anti-rabbit or anti-
goat; both Sigma Aldrich) for 2h at room temperature, prior
to development with enhanced chemiluminescent substrate
(Merck Millipore) using a BioRad ChemiDoc MP system.
Subsequently, membranes were re-probed with HRP-conjugated
monoclonal antibodies specific for p-actin (Sigma-Aldrich)
as a loading control. Full length blots are presented in
Supplementary Figures 4-8.

Quantitative Real Time PCR

For detection of NQO1 and GSR expression by PCR mixed
glia and BMDM were cultured in the presence of ketoacids
(0.5-1mM) for 24h. RNA was extracted using the High Pure
RNA Isolation Kit (Roche) and cDNA synthesized using High
Capacity cDNA reverse transcription kit (Applied Biosystems).
Quantitative real time PCR was carried out using iTaq Universal
SYBR Green mastermix (BioRad) on a BioRad CFX96 Real-
Time System. mRNA expression levels for NQO1 and GSR were
quantified and were normalized to -actin mRNA levels (primer
sequences listed in Table 1).

ELISA

For detection of cytokines, mixed glia, or BMDM were cultured
in the presence of ketoacids (0.25-1 mM) for 30 min prior to
stimulation with LPS (100 ng/ml) for 24 h. Concentrations of
IL-6 and TNF-a were quantified from supernatants using R&D
DuoSet ELISA kits (R&D Systems) or Ready-Set-Go ELISA kits
(eBioscience) as per the manufacturers’ protocols.

Statistical Analysis
Statistical analysis was performed using Prism 6 software
(GraphPad Software Inc.). Analysis of 3 or more data sets was

performed by one-way ANOVA with Tukey’s post-hoc test; p-
values < 0.05 were considered significant and are denoted with
asterisks in the figures.

RESULTS

Trypanosoma brucei Secreted Factors
Induce HO-1 Expression and Suppress
Pro-Inflammatory Cytokines in Mixed Glia

The anti-inflammatory and anti-oxidant stress-response enzyme
HO-1 has been described to have immunosuppressive activity
during parasitic infection (16-19). We first determined whether
T. brucei can directly impact on HO-1 expression in primary
murine mixed glia. T. brucei were co-cultured with mixed glia
at different concentrations for 24 h, and HO-1 expression was
assessed by Western blot. It was observed that mixed glia
cultured with T. brucei strongly upregulated HO-1 expression
compared to mixed glia cultured in media alone (Figure 1A). In
order to determine whether upregulation of HO-1 is mediated
by direct contact between mixed glia and trypanosomes, or
by trypanosome-secreted factors, supernatants from cultures
of T. brucei were added to mixed glia at a 2- and 5-fold
dilution for 24h and HO-1 expression was assessed by Western
blot. A dose-dependent upregulation of HO-1 was observed
in mixed glia treated with T. brucei supernatant (Figure 1B).
HO-1 expression was also assessed using trypanosomes grown
under serum free conditions in order to rule out the possibility
that factors contained in FCS are driving HO-1 expression.
We found that removal of 10% FCS supplement leads to
lower secreted ketoacid levels (Supplementary Figure 2A). This
is also reflected by slightly lower HO-1 levels, however there
is still a clear increase in HO-1 expression in glia that were
treated with the trypanosome supernatant vs. cells that were
treated with media containing no trypanosome supernatant
(Supplementary Figure 2B). Additionally, we assessed whether
T. brucei supernatant could suppress pro-inflammatory cytokine
production by mixed glia. Cells were treated with T. brucei
supernatant for 30min prior to stimulation with LPS for
24h, and the concentration of IL-6 and TNFa was measured
by ELISA. The T. brucei culture supernatant significantly
reduced the production of both cytokines following LPS-
stimulation (Figure 1C).

Trypanosoma brucei Secreted Aromatic
Ketoacids Are Non-toxic and Induce HO-1

Expression in Mixed Glia and Macrophages
It has previously been reported that T. brucei secretes the
aromatic ketoacids indole pyruvate, hydroxy-phenylpyruvate,
and phenylpyruvate, and that indole pyruvate can inhibit pro-
IL-1B expression in BMDM via HIFla destabilization (25, 27,
30). Having confirmed that T. brucei induces HO-1 expression
in mixed glia, and that induction is mediated by factors
secreted by the trypanosome, we next determined whether these
aromatic ketoacids can directly upregulate HO-1 expression
in both mixed glia and BMDM. Viability assays were carried
out to ensure that the aromatic ketoacids are non-toxic to
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FIGURE 1 | Trypanosoma brucei secreted factors induce HO-1 expression & suppress pro-inflammatory cytokines in mixed glia. (A) Primary murine mixed glia were
cultured with different concentrations of Trypanosoma brucei for 24 h. Expression of HO-1 was measured by Western blot. Representative blot of three independent
experiments is shown. (B) Supernatant from Trypanosoma brucei cultures was added to primary murine mixed glia. Expression of HO-1 was measured after 24 h by
Western blot. Representative blot of three independent experiments is shown. Densitometric analysis of 3 immunoblots was performed using ImagelLab (Bio-Rad)
software. Results shown are mean + SEM of the relative expression of HO-1: -actin from 3 independent experiments. (C) Supernatant from Trypanosoma brucei
cultures was added to primary murine mixed glia for 30 min prior to stimulation with LPS (100 ng/ml). Concentrations of TNFa and IL-6 in culture supernatants was
measured by ELISA after 24 h. Results shown are mean 4 SD concentrations from a triplicate culture, and are representative of three independent experiments.
*0 < 0.05, **p < 0.01, **p < 0.001. Full length blots are presented in Supplementary Figure 4.

mixed glia and BMDM at the concentrations used in our
study, which mimic typical ketoacid concentrations observed
during in vivo trypanosomiasis (30). Mixed glia and BMDM
were cultured with indole pyruvate, hydroxy-phenylpyruvate,
or phenylpyruvate (0.25-1mM) for 24 h, after which cellular
viability and HO-1 expression was assessed. All three ketoacids
were found to be well-tolerated and non-toxic to mixed glia
(Figure 2A) or BMDM (Figure 2C). Furthermore, all three
ketoacids induced a strong upregulation of HO-1 expression in
both cell types (Figures 2B,D). This effect was dose-dependent,
with indole pyruvate and hydroxy-phenylpyruvate showing
greater potency compared to phenylpyruvate. Removal of serum
from the media did not affect the ability of indole pyruvate or
hydroxyphenylpyruvate to induce HO-1 expression in BMDM.
However, only a very weak induction of HO-1 was observed by
phenylpyruvate when media was replaced with serum free media,
suggesting that serum components may impact on the solubility
of this ketoacid (Supplementary Figure 2C).

The related Trypanosomatid T. cruzi expresses an NAD-
linked aromatic a-hydroxy acid dehydrogenase (AHADH)
that catalyzes the reduction of aromatic ketoacids to the
corresponding hydroxyacid (Figure 2E) (31). Consequently, a
conditional AHADH T. brucei cell line was generated in order
to determine whether secretion of ketoacids was essential to
T. brucei growth and to produce a bloodstream form that
would secrete less ketoacids. This conditional cell line was
generated using p3859, a plasmid that allows tetracycline-
inducible expression of transgenes (29). Both non-induced
and AHADH-induced T. brucei had comparable growth rates
(Figure 2F). Significantly, both non-induced and induced
AHADH(in) cells were found to have similar decreased levels
of aromatic ketoacids in their culture media, which could
be due to leaky expression of the AHADH(in) vector in
the absence of tetracycline. In both cases there was a ~60-
70% reduction in ketoacid secretion compared to the wild
type parental cell line with wild-type T. brucei producing
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FIGURE 2 | Trypanosoma brucei produce and secrete aromatic ketoacids which are non-toxic and induce HO-1 expression in mixed glia and BMDM. Primary murine
mixed glia and BMDM were incubated with indole pyruvate, hydroxyl-phenyl pyruvate, or phenylpyruvate (0.25-1 mM) for 24 h. (A) Viability of mixed glia was
determined by alamarBlue reduction, and is expressed as a percentage of the untreated control. Results shown are mean + SEM of the percentage viabilities of
mixed glia from three independent experiments. (B) Expression of HO-1 in mixed glia was determined by Western blot. Blots shown are representative of three
independent experiments. (C) Viability of BMDM was determined by alamarBlue reduction, and is expressed as a percentage of the untreated control. Results shown
are mean £ SEM of the percentage viabilities of BMDM from four independent experiments. (D) Expression of HO-1 in BMDM was measured by Western blot. Blots
shown are representative of two independent experiments. (E) Schematic depicting metabolism of aromatic ketoacids to aromatic hydroxyacids by AHADH.
(F) Bloodstream form AHADH™ cells were found to grow at similar rates to wild type MITat 1.2 T. brucei (), whether induced (o) or non-induced (e). (G) Secreted
aromatic ketoacid concentrations in HMI-9 culture media, as measured via AHADH assay after 48 h. AHADH cells were either non-induced or induced with 2 mg/ml
tetracycline. Results shown are mean + SD of triplicate measurements, and are representative of three independent experiments. (H) Supernatants from WT and
AHADH" T brucei were added to mixed glia for 24 h. HO-1 expression was measured by Western blot. Representative blot of three independent experiments is
shown. Full length blots are presented in Supplementary Figure 5.

~2.5 times more keto acid than mutant strain (Figure 2G).
These data show that production of aromatic ketoacids is
not an essential process and that, at least in these cell lines,
expression of the AHADH activity was effectively constitutive
and not subject to tetracycline regulation. Having confirmed
the AHADH™ T. brucei cell line exhibited reduced ketoacid
secretion, and showed no growth deficiency, supernatants from
wild type and AHADH™ T. brucei were added to mixed
glia cultures. After 24h, HO-1 expression was measured by
Western blot. As previously observed, wild type T. brucei
supernatant strongly upregulated HO-1 expression in mixed
glia. However, the AHADH™ T. brucei supernatant displayed
a dramatically reduced capacity to induce HO-1 expression in
these cells. Clear differences were seen when both the wild-
type and AHADH™ T. brucei supernatants were diluted 2-
fold, while comparable levels of HO-1 were expressed in cells
treated with the wild type T. brucei supernatant (diluted 1:5)
and AHADH™ T. brucei supernatant (diluted 1:2) as the overall
keto acid concentration in each case should be approximately
equal (Figure 2H).

Aromatic Ketoacids Exhibit
Anti-inflammatory Activity in Primary Glia

and Macrophages

Having confirmed that the T. brucei-derived ketoacids, indole
pyruvate, hydroxy-phenylpyruvate, and phenylpyruvate can
upregulate HO-1 expression in mixed glia and BMDM,
and given that HO-1 has well-established anti-inflammatory
properties, we sought to determine if the ketoacids themselves
can serve as anti-inflammatory molecules. It has previously
been reported that indole pyruvate inhibits production of the
highly pro-inflammatory cytokine, IL-1f, by macrophages (30),
therefore we investigated whether the other ketoacids hydroxy-
phenylpyruvate and phenylpyruvate had similar activity, and
whether this effect would be observed in mixed glia as
well as macrophages. Microglia were also included in this
experiment given their macrophage-like role in the brain.
Mixed glia, microglia and BMDM were treated with ketoacids
for 30min prior to stimulation with LPS. After 24h the
expression of the pro-form of IL-1f, pro-IL-1f, was detected by
Western blot. Both indole pyruvate and hydroxy-phenylpyruvate
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strongly inhibited pro-IL-1p expression by mixed glia at all
concentrations tested, while phenylpyruvate reduced pro-IL-
18 only at higher concentrations (Figure 3A). Similarly, indole
pyruvate and hydroxy-phenylpyruvate treatment abrogated pro-
IL-1B expression in microglia and BMDM, while phenylpyruvate
had no effect (Figures 3B,C).

Inducible nitric oxide synthase (iNOS) catalyzes the
production of NO from L-arginine, and contributes to pro-
inflammatory responses in glia and BMDM (31, 32). In order to
examine whether ketoacids could modulate iNOS expression,
BMDM, and mixed glia were pre-treated with ketoacids and
stimulated with LPS as before. After 24h iNOS expression
was measured by western blot. Expression of iNOS was below
the limit of detection in mixed glia however, the enzyme was
upregulated in LPS-stimulated BMDM (Figure 3D). As was the
case with pro-IL-1p, iNOS expression was abrogated in the cells
upon treatment with the ketoacids.

Having observed reduced expression of pro-IL-1f upon
ketoacid treatment, we next examined whether they were
also capable of reducing expression of the pro-inflammatory
cytokines, IL-6 and TNFa, in primary glia and BMDM. Mixed
glia and BMDM were pre-treated with ketoacids and stimulated
with LPS as before and the concentration of IL-6 and TNFa
in culture supernatants was measured by ELISA. Both indole
pyruvate and hydroxy-phenylpyruvate significantly reduced IL-
6 and TNFa production by mixed glia, and this inhibition
was dose dependent. Phenylpyruvate did not reduce either IL-
6 or TNFa production by mixed glia (Figure 4A). Conversely,
none of the ketoacids tested had any effect on IL-6 or TNFa
production by BMDM (Figure 4B). Attempts were made to
make a direct link between HO-1 induction and cytokine
inhibition by the ketoacids, however this proved technically
difficult given the challenge of simultaneously inducing and
inhibiting the HO-1 protein, as has been previously reported
(33). High doses of HO-1 inhibitors and siRNA were employed
in an attempt to counter the potent induction of HO-1 by
the ketoacids, but this unfortunately reduced the viability of
our cells, particularly when used in combination with indole
pyruvate and phenylpyruvate treatment. We did however observe
that inhibition of HO-1 partially restored LPS-induced pro-
IL-1B expression in hydroxyphenylpyruvate treated BMDM
(Supplementary Figure 3). Further work in HO-1 deficient cells
is required to confirm the direct link between HO-1 induction
and cytokine inhibition by the ketoacids.

Ketoacids Activate Nrf2 in Mixed Glia and
BMDM

Finally, to elucidate the mechanism by which T. brucei derived
ketoacids upregulate HO-1 in mixed glia and BMDM, we next
investigated whether the ketoacids activate the transcription
factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2) which
regulates the expression of a number of anti-oxidant genes,
and is the primary regulator of HO-1. Under steady-state
conditions Nrf2 is bound to Keap1 and targeted for degradation;
however, during oxidative stress Nrf2 is released from Keapl
and can migrate to the nucleus (34). To measure Nrf2

accumulation, mixed gliaand BMDM were treated with ketoacids
for up to 24h, and Nrf2 was detected by Western blot. Both
indole pyruvate and hydroxy-phenylpyruvate dose-dependently
increased Nrf2 accumulation in mixed glia (Figure5A) and
BMDM (Figure 5B). Nrf2 expression was not detected with
phenylpyruvate in either cell type. To confirm activation of
the Nrf2 pathway, we measured expression of additional Nrf2-
regulated genes following ketoacid treatment. Mixed glia and
BMDM were treated with ketoacids for 24 h, after which the
expression of NAD(P)H dehydrogenase (quinone 1) (NQO-1)
and glutathione reductase (GSR), was measured by RT-PCR.
In mixed glia, indole pyruvate and hydroxy-phenylpyruvate
both significantly increased expression of NQO-1, and hydroxy-
phenylpyruvate also showed a trend toward increased GSR
expression. Phenylpyruvate did not upregulate expression of
either gene (Figure 5C). Similarly, in BMDM, both indole
pyruvate and hydroxy-phenylpyruvate significantly upregulated
NQO-1 expression, while only indole pyruvate showed a trend
toward increased GSR expression, and phenylpyruvate again had
no effect on either gene (Figure 5D).

DISCUSSION

HAT is a chronic parasitic disease, associated with considerable
morbidity and mortality, that is caused by African trypanosomes.
The challenge facing trypanosomes is to maintain a persistent
infection while simultaneously prolonging host survival in order
to potentiate parasite transmission to the tsetse fly vector
to ensure completion of the life cycle. This challenge is of
particular relevance for trypansomes which are exclusively
extracellular and, unusually for a pathogen, can invade the
CNS. Here we show that T. brucei can upregulate expression
of the anti-inflammatory stress-response enzyme HO-1 within
host CNS and peripheral immune cells. Significantly, all three
aromatic ketoacids secreted by T. brucei, indole pyruvate,
hydroxy-phenylpyruvate, and phenylpyruvate, can mediate this
induction of HO-1. Therefore, our results not only describe a
previously unknown function for the production of aromatic
ketoacids by T. brucei, but also a novel host-pathogen
interaction whereby T. brucei has evolved to secrete metabolites
designed to promote an overall anti-inflammatory response in
the host.

Although upregulation of HO-1 expression has been observed
in other parasitic infections (16-18), relatively little is known
about the role of HO-1 in trypanosomiasis. Expression of HO-
1 has been observed in a murine model of T. cruzi infection by
Gutierrez et al. who also examined the effect of HO-1 activity on
the host immune response and survival. In their study, treatment
with a HO-1 inhibitor exacerbated inflammation and limited host
survival, while conversely a HO-1 inducer reduced production
of pro-inflammatory cytokines and promoted anti-inflammatory
responses, including production of IL-10 and induction of Tregs
(19). In the present study, we observed a strong upregulation
of HO-1 in glial cells cultured with T. brucei. In agreement
with this observation, Stijlemans et al. have reported increased
expression of HO-1 within a murine model of T. brucei infection
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FIGURE 3 | Ketoacids inhibit pro-IL-1p expression in LPS-stimulated mixed glia, microglia, and BMDM. Primary murine mixed glia, microglia and BMDM were treated
with indole pyruvate (IP), hydroxy-phenylpyruvate (HPP), or phenylpyruvate (PP) (0.25-1 mM) for 30 min prior to stimulation with LPS (100 ng/ml) for 24 h. Expression of
pro-IL-1 in (A) mixed glia, (B) microglia, and (C) BMDM was measured by Western blot. Blots shown are representative of two to three independent experiments.

Expression of INOS in (D) BMDM was measured by Western blot. Blots shown are representative of three independent experiments. Full length blots are presented in
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(5). Additionally, they have reasoned this upregulation of HO-
1 as a response to anemia resulting from the accumulation of
iron by trypanosomes (35). As it is currently unknown whether
T. brucei themselves express the cellular machinery necessary to
extract iron from heme-containing proteins (36), it is tempting
to speculate that they have evolved to upregulate HO-1 in their
host for the purposes of both increasing their supply of iron and
creating a trypanotolerant immune environment.

Despite reports that increased HO-1 expression is a feature
of parasitic infections, it is unknown how parasites including
trypanosomes achieve this upregulation of HO-1 in their host.
To clarify how T. brucei mediates its upregulation of HO-1, we
investigated whether a factor secreted by the trypanosome may
be responsible for this effect. We found that treatment of mixed
glia with T. brucei supernatant produced a similar upregulation of
HO-1 expression, and additionally suppressed pro-inflammatory

cytokine production. This observation is in agreement with a
previous study by Garzoén et al. who reported that treatment
of murine BMDC with T. b. gamiense secretome effectively
limited DC maturation and pro-inflammatory functions (37).
However, the specific factors present in the T. b. gamiense
secretome which mediate these anti-inflammatory effects have
not been identified. It is known that T. brucei infections are
associated with disturbed aromatic amino acid profiles, owing to
the metabolism of aromatic amino acids into aromatic ketoacids
by T. brucei (25-27). To date, however, there has been limited
research identifying the purpose of these ketoacids. It has recently
been reported that one of these ketoacids, indole pyruvate,
has anti-inflammatory effects in BMDM (30). We therefore
hypothesized that ketoacids could be factors secreted by T.
brucei which mediate our observed anti-inflammatory effects,
via induction of HO-1. To test this hypothesis we treated both
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FIGURE 4 | Indole pyruvate and hydroxyl-phenyl pyruvate inhibit pro-inflammatory cytokine production in LPS-stimulated microglia but not BMDM. Primary murine
microglia and BMDM were treated with indole pyruvate, hydroxy-phenylpyruvate, or phenylpyruvate (0.25—-1 mM) for 30 min prior to stimulation with LPS (100 ng/ml)
for 24 h. Concentrations of TNFa and IL-6 in (A) mixed glia and (B) BMDM supernatants was measured by ELISA. Results shown are mean + SEM concentrations of

IL-6 and TNFa from three to six independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05.

BMDM and glia with three different ketoacids, indole pyruvate,
hydroxyl-phenyl pyruvate, and phenylpyruvate, and found that
all three were capable of strongly upregulating HO-1 expression.
Furthermore, we created a novel T. brucei cell line which
possesses inducible expression of the ADADH enzyme, which
catalyzes the conversion of ketoacids to hydroxyacids. Using
this ADADH™ T. brucei we were able to confirm that aromatic
ketoacids are mediators of HO-1 upregulation within the T.
brucei secretome. To our knowledge, the present study is the first
to identify T. brucei derived ketoacids as HO-1 inducers. Further
study using cASAT deficient trypansosomes will determine if
other T. brucei secreted factors are also capable of inducing
this stress response pathway. In addition, future studies will
determine the precise concentration of the individual keto acids
produced by the parasite, given that the ADADH enzyme assay
which is used to measure overall ketoacid production does
not distinguish between indole pyruvate, phenylpyruvate, and
hydroxyphenyl- pyruvate.

While there have been previous studies investigating evasion
by T. brucei of the peripheral immune system, studies examining
the effects of T. brucei on the CNS immune response have been
scarce, presumably due to the difficulties inherent in accessing
CNS cells. Nonetheless, this presents a significant obstruction to

our understanding of HAT, especially considering that invasion
of the CNS by T. brucei is an important clinical event in the course
of this disease. In order to further our knowledge of immune
evasion by T. brucei in the CNS, we elected to use primary murine
glial cells, as well as BMDM, in the present study. Following
our earlier experiments demonstrating that T. brucei supernatant
inhibits pro-inflammatory cytokine production by glial cells, and
our identification of aromatic ketoacids as T. brucei derived
factors responsible for the upregulation of HO-1, we performed
further experiments to test whether these ketoacids also possess
anti-inflammatory activity in glia and BMDM. We found that all
three ketoacids produced anti-inflammatory effects, with indole
pyruvate and hydroxy-phenylpyruvate displaying greater activity
over phenylpyruvate. In both glia and BMDM we observed
a marked reduction in pro-IL-1f, along with a reduction in
iNOS expression in BMDM, in response to LPS stimulation
with ketoacid treatment. Interestingly, while we observed a
significant reduction in IL-6 and TNFa production by glia
treated with indole pyruvate and hydroxy-phenylpyruvate, no
reduction of these cytokines was seen in BMDM treated with
either ketoacid. This result is in agreement with a previous
report that indole pyruvate reduced IL-1B, but not IL-6 or
TNFa, in murine macrophages (30). This divergence in responses
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FIGURE 5 | Ketoacids induce Nrf2 expression and upregulate Nrf-2 dependent genes in mixed glia and BMDM. (A) Primary murine mixed glia were treated with
indole pyruvate, hydroxy-phenylpyruvate, or phenylpyruvate (0.25-1 mM) for 24 h. Expression of Nrf2 was measured by Western blot. Blots shown are representative
of three independent experiments. (B) BMDM were treated with indole pyruvate, hydroxy-phenylpyruvate or phenylpyruvate (0.25-1 mM) for 24 h. Expression of Nrf2
was measured by Western blot. Blots shown are representative of three independent experiments. (C) Primary murine mixed glia were treated with indole pyruvate
(IP), hydroxy-phenylpyruvate (HPP), or phenylpyruvate (PP) (0.5 mM) for 24 h. mRNA expression of NQO-1 and GSR was measured by RT-PCR. (D) BMDM were
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shown are mean + SEM fold expression of NQO-1 and GSR from three independent experiments. ***p < 0.001, *p < 0.05. Full length blots are presented in
Supplementary Figure 7.

between glia and BMDM is very interesting and may reflect
the greater need to avoid immune activation or inflammation
within the CNS during trypanosomiasis in order to prolong
host survival and, therefore, persistence of the parasite. Indeed,
in a model of T. brucei infection, treatment with antagonists
of IL-18 and TNFa attenuated neurodegeneration, highlighting
the significant role these pro-inflammatory cytokines play in
trypanosomiasis-associated neuropathology (38). Furthermore,
HO-1 upregulation has been shown to be protective during
neurological insults. For example, induction of HO-1 has
been reported to improve outcomes in models of autoimmune
neuroinflammation (39) and stroke (40). Further research is
required to identify the mechanism(s) underlying the difference
in responses to T. brucei derived ketoacids between glia and
macrophages. It will also be of interest to determine if levels
of ketoacids in the CNS are comparable to those seen in the
circulation during trypanosomiasis.

Finally, to further understand how the ketoacids upregulate
HO-1 expression in glia and BMDM we investigated upstream
engagement of the transcription factor Nrf2. Nrf2 is typically
activated under conditions of oxidative stress, and promotes
the expression of anti-oxidant proteins including HO-1, NQO-
1, and GSR. We found that both indole pyruvate and
hydroxy-phenylpyruvate treatment stabilized Nrf2 expression,
and increased expression of NQO-1 and GSR mRNA, in both glia
and BMDM. We were unable to detect increased expression of
Nrf2, NQO-1, or GSR with phenylpyruvate treatment, which may
reflect its less potent induction of HO-1 and anti-inflammatory
activity compared to the other ketoacids. Activation of the

Nrf2 pathway has been described as an important regulator
of the stress response in parasitic infections, which protects
the host from deleterious immune activation, at the expense
of persistence of the infection (41). The role of Nrf2/HO-
1 in T.cruzi infection has been highlighted by Paiva et al.
who report that the suppression of oxidative stress by this
pathway promotes parasitemia (42). Interestingly, Aoki et al.
have reported that the aromatic ketoacids protect against UV-
B induced skin damage, by reducing cytotoxicity and the
production of IL-18 and IL-6 (43). Both Nrf2 and HO-1
have been reported as protective against the oxidative damage
caused by UV radiation (44-46). Further work is required
to identify what role the Nrf2/HO-1 pathway plays in T.
brucei infection, and how ketoacids produced by T. brucei
activate Nrf2.

In conclusion, we have presented convincing data to
support a hitherto-unidentified role for the T. brucei derived
aromatic ketoacids in host immune evasion, which involves
activation of the stress response Nrf2/HO-1 pathway. This
immunosuppressive mechanism appears to be effective vs.
immune responses in both the CNS and periphery, however,
the effects produced are cell-type dependent. It is striking
that aromatic ketoacids secreted by bloodstream forms of
T. brucei can promote an anti-inflammatory response while
simultaneously suppressing production of pro-inflammatory
cytokines by immune cells. Further research is required to
confirm the overall anti-inflammatory effects of these ketoacids
in vivo and their link with activation of Nrf2/HO-1. It is hoped
that future research in this area can yield new tools to treat HAT,
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and perhaps utilize aromatic ketoacids as treatments for other
inflammatory diseases.

AUTHOR SUMMARY

African trypanosomes, such as Trypanosoma brucei (T. brucei)
are protozoan parasites best known for causing Human African
Trypanosomiasis (HAT) which, if untreated, is fatal. Current
therapies have limitations, while vaccination or prophylactic
intervention is not possible. Trypanosomes are exclusively
extracellular and evade the immune defenses by constantly
changing the single protein that covers their surface. This
mechanism results in characteristic waves of parasitemia as the
parasite numbers rise and then fall following host antibody
mediated lysis only for a new antigenic wave to emerge. The
parasite load is huge and their clearance repeatedly releases large
amounts of parasite material systemically with the potential to
drive harmful host innate and inflammatory responses. Here we
report a previously unknown mechanism by which T. brucei
can suppress these responses. We show that aromatic ketoacids,
derived from amino acids that are constitutively secreted by
the parasite into the host, are potent inducers of the anti-
inflammatory and stress response enzyme, Heme Oxygenase
1 (HO-1). We also show that these same ketoacids reduce
inflammation in both peripheral and CNS immune cells. Our
study provides new insight into how T. brucei manipulates
the host immune system and persists in the host. Increased
understanding of how ketoacids upregulate HO-1, and what their
role is during HAT, may pave the way for the development of new
treatments for HAT and other inflammatory diseases.
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