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The parasite Trypanasoma brucei causes African trypanosomiasis,
known as sleeping sickness in humans and nagana in domestic
animals. These diseases are a major burden in the 36 sub-Saharan
African countries where the tsetse fly vector is endemic. Untreated
trypanosomiasis is fatal and the current treatments are stage-
dependent and can be problematic during the meningoencepha-
litic stage, where no new therapies have been developed in recent
years and the current drugs have a low therapeutic index. There
is a need for more effective treatments and a better understanding
of how these parasites evade the host immune response will help
in this regard. The bloodstream form of T. brucei excretes signifi-
cant amounts of aromatic ketoacids, including indolepyruvate, a
transamination product of tryptophan. This study demonstrates
that this process is essential in bloodstream forms, is mediated by
a specialized isoform of cytoplasmic aminotransferase and, impor-
tantly, reveals an immunomodulatory role for indolepyruvate. Indo-
lepyruvate prevents the LPS-induced glycolytic shift in macrophages.
This effect is the result of an increase in the hydroxylation and
degradation of the transcription factor hypoxia-inducible factor-1a
(HIF-1). The reduction in HIF-1«x levels by indolepyruvate, following
LPS or trypanosome activation, results in a decrease in production of
the proinflammatory cytokine IL-18. These data demonstrate an im-
portant role for indolepyruvate in immune evasion by T. brucei.
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frican trypanosomes, such as Trypanasoma brucei (T. brucei),

are extracellular protozoan parasites of the mammalian
hemolymphatic and CNSs that are transmitted by tsetse flies.
These parasites cause persistent infections in humans (sleeping
sickness) and animals (nagana) that are fatal unless treated (1).
Because parasites are continuously exposed to the attention of
their host’s immune response, but are reliant on an insect vector
(tsetse flies) for transmission, trypanosomes must evade these
responses while also prolonging host survival to ensure life cycle
completion. The primary strategy of immune evasion by the try-
panosomes involves the antigenic variation of the variant surface
glycoprotein (VSG) coat on the surface of the parasite (2-4). This
process gives rise to characteristic waves of parasitemia as the
number of trypanosomes in circulation rises and falls, as the
predominant VSG variants in the population expand and are
subsequently cleared by antibody-mediated lysis. Before clearance,
parasite loads at the peak of the parasitemia can be >10° cells per
milliliter of blood (5). The innate immune response also plays a
role in host defense against 7. brucei. Exposure of macrophages to
trypanosome-derived components, including released VSGs, re-
sults in an IFN-y—dependent proinflammatory response that is
required to control the initial parasitemia. However, macrophages
from chronically infected animals appear to be impaired in their ability
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to produce proinflammatory cytokines (6-8). In the case of IL-1p
levels, there have been conflicting reports following 7. brucei experi-
mental infections, with some studies reporting levels were elevated (9,
10), and other studies showing that production of IL-I was severely
depressed in infected mice (11). Taken together, the data in the lit-
erature suggest that modulation of the innate immune response is
extremely important in the progression of trypanosomiasis (8).
Trypanosomiasis is also associated with a profound disturbance
in aromatic amino acid metabolism (12-14). Serum levels of ar-
omatic amino acids (e.g., tryptophan) are significantly depressed
in infected animals (15). This decrease is accompanied by the
excretion of abnormal amounts of aromatic ketoacids, such as
indolepyruvate, phenylpyruvate, and hydroxyphenylpyruvate at
levels that correlate with the parasitemia (16-19). Indeed the
presence and subsequent oxidation of these ketoacids explains the
pungent odor and reddish brown color characteristic of the urine
of camels infected with Trypanosoma evansi, a feature that has
been used as a traditional diagnostic tool by camel herders to
identify infected animals (20). These aromatic ketoacids are
thought to be derived from the metabolic activities of the parasite
rather than the host (19, 21, 22). The functional significance of
these abnormal levels of aromatic ketoacids in the circulation
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Fig. 1. Aromatic ketoacids production in bloodstream
forms of T. brucei involves an essential cASAT activity.
(A) Trypanosomes (5-6 x 107 cells/mL) were incubated in
Creek’s Minimal Medium (CMM) supplemented with
tryptophan, phenylalanine, or tyrosine (2 mM). At the
indicated times, samples of the extracellular medium
were assayed for aromatic ketoacid content using
AHADH, as described in Materials and Methods. The
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remains obscure, although it has been suggested that they may
contribute to the pathogenesis of trypanosomiasis, and specifically
the neuropsychiatric symptoms, through alterations in the biogenic
amine pool (15).

In this study we have examined whether these aromatic
ketoacids might have a role in the modulation of the host innate
response. Macrophage activation in innate immunity causes a shift
in metabolism toward glycolysis (23, 24). This event is hypoxia-
inducible factor-la (HIF-1a)-dependent, with HIF-1a also being
needed for induction of HIF-1a—dependent genes, including those
encoding IL-1p. Here we demonstrate directly that aromatic
ketoacids are transamination products constitutively and obligatorily
excreted by bloodstream forms of 7. brucei and that indolepyruvate
specifically reduces HIF-1a levels, preventing the induction of
HIF-1la—dependent genes, such as IL-1f, and metabolic reprog-
ramming in macrophages. Our study suggests a potential role for
indolepyruvate in the modulation of the host immune response
by African trypanosomes.
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4 results represent the mean + SD of three determina-
tions and the rates were estimated by linear regression
analysis and expressed as nanomoles per 5 x 10”cells per
hour. (B) Serum was prepared from infected rat blood
and concentration of aromatic ketoacids was deter-
mined using AHADH, as described in Materials and
Methods. In each case the level of the parasitemia was
also determined. (C) The total ASAT activity of non-
induced and induced bloodstream TbcASAT RNAI cells
was measured as described in Materials and Methods.
The results were expressed as relative to the activity of
the wild-type cells (46.7 + 2.3 nmol-min~"-mg~") and
represent the mean + SD of three determinations.
(D) Total aromatic ketoacid production by noninduced
and induced bloodstream TbcASAT RNAi cells was
measured as described in Materials and Methods. The
results are expressed as relative to wild-type production
and represent the mean + SD of three determinations.
(E) The growth of the parental wild-type cells (W) and
a bloodstream form TbcASAT RNAI cell line cultured in
the absence (@, noninduced) or presence (O, induced)
of tetracycline was monitored and expressed as log-
cumulative number of cells per milliliter. (F) The
growth of the parental wild-type cells (¥) and a
procyclic form ThcASAT RNAI cell line cultured in the
absence (@, noninduced) or presence (O, induced) of
tetracycline was monitored and expressed as log cu-
mulative number of cells per milliliter. (G) The total
ASAT activity of noninduced and induced procyclic
TbcASAT RNAI cells were measured as described in
Materials and Methods. The results were expressed as
relative to the activity of the wild-type cells (203.3 +
10.4 nmol-min~".mg~") and represent the mean + SD
of three determinations. (H) Bloodstream form wild-
type (WT) MiTat 1.1 and TbcASAT RNAi cells cul-
tured in the presence (in. "NAcASAT) or absence (nonin.
RNAICASAT) of tetracycline for 48 h were incubated in
HMI-9 containing L-(indole-2-"3C)-tryptophan for 5 h
and the excreted end products were analyzed. The
chemical shift of indolepyruvate (~127.97 ppm) and L-tryp-
tophan (~127.86 ppm) are clearly distinguishable
in a '3C NMR spectra. Molecular structure of (indole-
2-'3C) tryptophan, indicating the position of the '*C-
labeled atom in the indole ring that was used for
metabolite identification.
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Results

Aromatic Ketoacids Are Produced by Transamination Catalyzed
by an Essential Cytoplasmic Aspartate Aminotransferase Activity in
Bloodstream Forms of T. brucei. The high consumption of trypto-
phan and phenylalanine by bloodstream form trypanosomes (19,
21, 22, 25) suggested that the abnormal levels of aromatic
ketoacids present in infected animals are transamination products
generated by the parasites, but this has never been directly dem-
onstrated. Therefore, aromatic ketoacid production by 7. brucei
incubated with tryptophan, tyrosine, or phenylalanine was mea-
sured directly using NAD-linked aromatic a-hydroxy acid dehy-
drogenase (26). Significant production rates of 50.2 + 4.6, 77.3 +
11.0, and 84.8 + 12.7 nmols/5 x 107cells per hour were measured
for indolepyruvate, hydroxyphenylpyruvate, and phenylpyruvate,
respectively (Fig. 14). Interestingly, cellular production of aro-
matic keto acids increased linearly with the concentration of the
aromatic amino acid even above physiological levels (Fig. S14).
No significant aromatic ketoacid production was detected when
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Fig. 2. Indolepyruvate inhibits the ability of LPS to induce glycolysis. BMDM
were preincubated with indolepyruvate at a final concentration of 1 mM for
30 min before stimulation with LPS (100 ng/mL) for 24 h. (A) The proton
production rate (PPR) was measured as described in Materials and Methods.
***P < 0.001. (B) The levels of glucose consumed from the supernatant was
measured as described in Materials and Methods and (C) an LDH assay was
performed to ensure indolepyruvate was not toxic at this concentration. **P <
0.01. One millimolar indolepyruvate was added to BMDM for 25 h and then the
levels of cell death were measured as described in Materials and Methods. The
level of cell death is presented as fold over untreated. These are representative of
at least three independent experiments. IP, indolepyruvate; NS, not significant.

aromatic amino acids were omitted from the medium. The same
assay also demonstrated that aromatic ketoacids are produced in
vivo in infected animals and were in the 0.2- to 0.5-mM range
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when the parasitemia was ~10% parasites per milliliter (Fig. 1B).
The levels of aromatic ketoacids produced did not correlate pre-
cisely with the number of parasites present in the rat. This varia-
tion may be because of differences in the ability of the rats to
process indolepyruvate from the serum and the metabolic or cell-
cycle status of parasites in the bloodstream. Nevertheless the data
show that circulating levels of aromatic ketoacids are significant
close to the peak of parasitemia. Production and excretion of ar-
omatic ketoacids is a bloodstream-stage—specific phenomenon
because there was no detectable production of aromatic ketoacids
by the procyclic or insect gut form of the parasite (not shown).
Thus, following uptake, aromatic amino acids are deaminated and
the ketoacid product is excreted at sufficiently high rates that
circulating levels of aromatic ketoacids in infected animals ap-
proach millimolar levels at the peak of parasitemia (i.e., >10°
parasites per milliliter of blood).

Several studies indicate that 7. brucei cytoplasmic aspartate
aminotransferase (TbcASAT) can efficiently catalyze transami-
nation of aromatic amino acids (27, 28). Therefore, the func-
tional role of TbcASAT in aromatic ketoacid production was
investigated by conditional interference RNA (RNAI). Induction
of the TbcASAT double-stranded RNA (dsRNA) resulted in a
decrease of ~70% in transcript levels within 24 h as demon-
strated by quantitative RT-PCR (qRT-PCR), which gave a rel-
ative expression ratio (induced/noninduced) of 0.37 + 0.05
(mean =+ SD of three separate determinations). There was a
similar reduction in cellular ASAT activity in the induced cells
(Fig. 1C). Significantly, this decrease in activity was also ac-
companied by a proportionate decrease in aromatic ketoacid
secretion by the induced cells (Fig. 1D). Knockdown of TbcASAT
also had a rapid and deleterious effect on the growth of
bloodstream forms (Fig. 1E). Cell division essentially ceased 24 h
after induction of the TbcASAT dsRNA and was subsequently
followed by cell death. A slight growth effect was also observed
for the noninduced cells, which can be attributed to a small
knockdown (~20%) of ASAT activity in noninduced cells be-
cause of leaky expression of the dsRNA (Fig. 1C). Knockdown of
TbcASAT had no effect on the growth of the procyclic form (Fig.
1F) despite specific knockdown of the ThcASAT transcript in
procyclic forms, confirmed by qRT-PCR, which gave a relative
expression ratio (induced/noninduced) of 0.35 + 0.06 (mean +
SD of three separate determinations) 24 h after induction of the
dsRNA. A significant ASAT activity (~80%) remained, however,
in the induced procyclic form (Fig. 1G), which can be attributed
to the presence of the mitochondrial form (mASAT). This ac-
tivity is found in procyclic but not bloodstream forms and is
highly specific for aspartate (28).

To demonstrate that aromatic ketoacids were produced by
transamination, the metabolism of (indole-2-'*>C)-tryptophan
by trypanosomes was investigated by solution-state NMR. The
corresponding ketoacid, indolepyruvate (chemical shift ~127.97
ppm), was eas1ly distinguished from tryptophan (at ~127.86
ppm) in a *C spectra (Fig. 1H and Fig. S2). Indolepyruvate
derived from tryptophan accumulated in the extracellular me-
dium of wild-type and the noninduced TbcASAT RNAI cells
over time, demonstrating that both wild-type and noninduced
RNAI cells maintained similar continuous production rates of
the ketoacid, whereas that of the induced RNAI cells was lower
(Fig. S2). Importantly, indolepyruvate was the sole excreted
metabolite produced from tryptophan under these conditions.
Production of indolepyruvate from tryptophan decreased sig-
nificantly following knockdown of TbcASAT [Fig. 1H, Top,
compared with Middle (noninduced) and Bottom (wild-type)].
Taken together, these data demonstrated that bloodstream
forms of T. brucei excrete significant amounts of aromatic
ketoacids that are produced by transamination catalyzed by
TbcASAT, and that this is an essential process during this stage
of the life cycle.

Berger et al. (22, 27) have suggested that TocASAT may play a key
role in the transfer of amino groups from aromatic amino acids to
ketothiobutyric acid as the final step in the recycling of methionine
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from methylthioadenosine, produced from S-adeosylmethionine
during essential polyamine synthesis. However, methionine sup-
plementation did not rescue the growth phenotype in cASAT
knockdown cells (Fig. S1B), a result that is consistent with metab-
olomic data showing that a methionine recycling pathway does not
appear to operate in bloodstream forms (29). Neither increasing nor
decreasing extracellular levels of the aromatic amino acids amelio-
rated the growth defect in the knockdown cells, which indicated that
the defect was not related to a detoxification role for TbcASAT (Fig.
S1C). To investigate the acceptor ketoacid specificity of TbcASAT
using tryptophan as the amino donor, the enzyme was expressed in
Escherichia coli, purified to homogeneity, and subject to a kinetic
analysis (Fig. S1D and Table S1). Significantly, TbcASAT cata-
lyzed amino group transfer from tryptophan to oxaloacetate or
a-ketoglutarate, whereas pyruvate could also act as a poor ac-
ceptor substrate. The highest affinity (lowest K;,,) was for oxalo-
acetate (0.1 mM), whereas the V},,.,/Ky, ratio indicated that the
catalytic efficiency was also greatest with the tryptophan/oxaloac-
etate pair (Table S1).

Indolepyruvate Alters the Glycolytic State of the Cell Following LPS
Stimulation. Because T. brucei clearly excrete aromatic ketoacids,
we examined whether indolepyruvate, phenylpyruvate, or hydrox-
yphenylpyruvate would affect macrophage activation. We specu-
lated that, like the ketoacid a-ketoglutarate, they might act to
promote HIF-1a degradation via prolyl hydroxylase activation.
We first used LPS to activate macrophages, because LPS is a

McGettrick et al.

measured by Western blot. (A-F, H, and /) are rep-
resentative of at least three independent experi-
ments. (G) Mean + SEM, n = 3. IP, indolepyruvate.

potent inducer of proinflammatory cytokines. LPS is a Gram-
negative bacterial product and the agonist for Toll-like receptor
4 (TLR4). LPS is also relevant during a natural 7. brucei infec-
tion, because levels of circulating LPS are increased in both
experimental and human African trypanosomiasis (29-31) and it
is thought that this LPS contributes to pathology in trypanoso-
miasis by increasing the proinflammatory environment of the
host (31, 32). The alteration in glycolytic rate (which is HIF-1la—
dependent) in murine bone marrow-derived macrophages
(BMDM), following LPS stimulation was examined. Circulating
levels of aromatic ketoacids are likely to be in the millimolar
range, so concentrations of up to 1 mM were used in these ex-
periments. LPS increased glycolysis as predicted and indolepyr-
uvate at a concentration of 1 mM inhibited this response (Fig.
2A4). Indolepyruvate also reduced the maximum glycolytic ca-
pacity of the cells along with the glycolytic reserve (Fig. S3 A-C);
0.2 mM and 0.5 mM indolepyruvate didn’t appear to affect the
glycolytic rate of these cells following LPS stimulation. However,
the overall glycolytic state of the cell was altered as the maxi-
mum glycolytic capacity and the spare glycolytic capacity of the
cells was reduced (Fig. S3 D and E). Phenylpyruvate and
hydroxyphenylpyruvate had no effect on the glycolytic state of
cells stimulated with LPS, even at a concentration of 1 mM (Fig.
S3 F and G). We also examined the rate of glucose consumption
from the media, an indicator of the level of glycolysis occurring
within the cell. LPS increased the rate of glucose consumption
and indolepyruvate again prevented this increase (Fig. 2B), thus

PNAS | Published online November 15, 2016 | E7781

wv
=]
=
-
wv
<
=
a.

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608221113/-/DCSupplemental/pnas.201608221SI.pdf?targetid=nameddest=SF3

L T

z

1\

=y

confirming that indolepyruvate inhibits the ability of LPS to in-
crease glycolysis. Indolepyruvate, at a concentration of 1 mM,
was not toxic to the cells as assessed by LDH release (Fig. 2C).

Indolepyruvate Inhibits the LPS-Induced Signaling Pathway to HIF-1
but Has No Effect on the NF-xB, MAPK, or IFN-Stimulated Response
Element Signaling Pathways. We next tested whether indolepyr-
uvate affected HIF-1a activation. LPS increased HIF-1a protein
levels and indolepyruvate inhibited this increase in a dose-
dependent manner (Fig. 34, compare lanes 6-8 to lane 5).
Indolepyruvate also significantly inhibited the ability of LPS to
induce a reporter gene, luciferase, under the control of a HIF-
response element (HRE) (Fig. 3B) but not luciferase under the
control of NF-«xB (Fig. 3C) or the IFN response element (which
binds IRF3) (Fig. 3D). Indolepyruvate also had no effect on LPS-
induced I-kB degradation (Fig. 3E) or another LPS signal, p38
phosphorylation (Fig. 3F), even at the highest concentration of
1 mM. To confirm the role of HIF-1a in the mechanism of action
of indolepyruvate, we examined two HIF-la target genes, glu-
cose transporter 1 (GLUT1) and lactate dehydrogenase A
(LDHA) (33, 34). LPS induced the mRNA of both genes and this
induction was inhibited in the presence of indolepyruvate
(Fig. 3G). Indolepyruvate had no effect on the induction of the
NF-kB-dependent gene TNF-a (Fig. 3G, Right). These results
suggest that indolepyruvate specifically inhibits the signaling
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pathway leading to HIF-1a activation, while having little or no
impact on the NF-kB, MAPK, or IFN-stimulated response ele-
ment (ISRE) pathways.

We next investigated the mechanism of inhibition of HIF-1a
by indolepyruvate. Several studies suggest tryptophan catabo-
lites, including breakdown products of indolepyruvate, act as
endogenous ligands for the aryl hydrocarbon receptor (AhR), a
ligand-activated transcription factor (35, 36). AhR was of par-
ticular interest because AhR dimerizes with aryl hydrocarbon
receptor nuclear translocator (ARNT) (36, 37), the binding
partner of HIF-1a; thus, an increase in AhR activation could
cause a decrease in HIF-la—ARNT complexes, reducing the
production of HIF-la—dependent target genes. Indolepyruvate
was still able to inhibit LPS-induced pro-IL-1p production in
BMDM from AhR knockout mice (Fig. S4). The AhR receptor
is therefore unlikely to be required for the inhibition of LPS-
induced pro-IL-1p by indolepyruvate.

Because indolepyruvate is a ketoacid, it might act in a similar
way to aKG, which is a cofactor for the prolyl hydroxylases that
hydroxylate HIF-1a and promote its degradation, so we next
tested whether indolepyruvate could induce HIF-la hydroxyl-
ation. The proteasomal inhibitor MG132 was used in these ex-
periments as HIF-1a hydroxylation is difficult to detect under
normal conditions because of the speed at which it is degraded
once hydroxylated. The presence of indolepyruvate increased the

ntreated
2m |E
5m
mM IP
100 ng/ul LPS
100 ng/mILPS - Fig. 4. Indolepyruvate inhibits the induction of IL-
18 by LPS. (A-C) BMDM were incubated with
e varying concentrations of indolepyruvate 30 min
HRK before stimulation with LPS (10 ng/mL or 100 ng/mL)

for 24 h. (A) The levels of pro-IL-1p protein were
measured by Western blot, whereas (B) IL-13 mRNA
was measured by qPCR. ***P < 0.001. (C) Super-
natants were examined by ELISA to determine the
expression levels of TNF and IL-6. (D and E) PBMCs
were incubated with varying concentrations of
indolepyruvate 30 min before stimulation with LPS
(100 ng/mL) for 24 h. (D) The levels of pro-IL-1p pro-
tein were measured by Western blot and (E) IL-1p
mRNA was measured by gPCR. **P < 0.01; ***P < 0.001.
(F) PECs were incubated with 1 mM indolepyruvate for
30 min before stimulation with LPS (100 ng/mL) for 24 h.
The levels of pro-IL-1p and HIF-1a were measured
by Western blot. A, D, and F are representative of
three independent experiments; B, C, and E represent
mean + SEM, n = 3. IP, indolepyruvate.
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levels of HIF-la hydroxylation in BMDM (Fig. 3H, Upper,
compare lanes 5 and 6 to lane 4). Under hypoxic conditions,
which result in HIF-1a stabilization, the presence of indolepyr-
uvate increased the levels of HIF-la hydroxylation (Fig. 3I,
Upper, compare lanes 5 and 6 to lane 4) and decreased the levels
of HIF-1a protein (Fig. 31, Middle, compare lanes 5 and 6 to lane
4). These results strongly suggest that indolepyruvate is pro-
moting HIF-1a hydroxylation, leading to its degradation.

Indolepyruvate Inhibits the Ability of LPS to Induce Pro-IL-18. Pre-
vious studies have revealed that increased HIF-1a levels result in
an induction of the critical proinflammatory cytokine pro—IL-1p
(23). Preincubation of BMDM with indolepyruvate inhibited the
ability of LPS to induce production of the cytokine IL-1p in a
dose-dependent manner (Fig. 44). Indolepyruvate also inhibits
IL-18 mRNA production in a dose-dependent manner (Fig. 4B).
Indolepyruvate had no effect on LPS-induced IL-6 or TNF pro-
duction, which are HIF-1la—-independent events (Fig. 4C). To de-
termine if indolepyruvate has the same effect in human cells, we
used peripheral blood mononuclear cells (PBMC). Indolepyruvate
once again inhibited the ability of LPS to induce pro-IL-1f ex-
pression in these cells (Fig. 4D). Because LPS alone is sufficient to
induce the production of mature IL-1p in PBMCs, an ELISA was
used to measure mature IL-1f and, once again, indolepyruvate
inhibited the ability of LPS to induce IL-1p production (Fig. 4E).
We also examined the effect of indolepyruvate on the ability of
LPS to induce HIF-la and IL-1p in murine peritoneal macro-
phages (PECS). LPS induced HIF-la and IL-1p in PECS and
indolepyruvate inhibited this induction (Fig. 4F).

We next examined the effect of indolepyruvate on IL-1f in-
duction in vivo. Mice injected with LPS into the peritoneum
showed a significant increase in the production of pro-IL-1p
protein in PECS isolated from the mice as assessed by Western
blot (Fig. 54), and IL-1f present in the blood of these mice as
assessed by ELISA (Fig. 5B). Administering indolepyruvate to
the mice significantly inhibited the production of IL-1p protein
(Fig. 5 4 and B). No effect was observed on IL-6 or TNF protein
production (Fig. 5B). mRNA, isolated from the PECS of these
mice, was also assessed and the induction of IL-1p mRNA was
inhibited by indolepyruvate, whereas production of IL-6 or TNF
mRNA was not (Fig. 5C). Phenylpyruvate was also tested to
determine if it could inhibit IL-1p induction in vivo following
LPS administration, but unlike indolepyruvate, phenylpyruvate
showed no effect on the ability of LPS to induce IL-1f in vivo
(Fig. S5). Therefore, indolepyruvate—but not phenylpyruvate—
functions in vivo to modulate LPS-induced IL-1p production.

Indolepyruvate Inhibits HIF-1a and IL-1§ Induction in Response to
Trypanosome Lysates. We next examined the effect of indolepyr-
uvate on macrophage activation by trypanosome-derived com-
ponents. We used total lysates from bloodstream 7. brucei to
stimulate BMDMs. Macrophages require preactivation by IFN-y
before they will respond to 7. brucei derived proteins/components
(6, 38), therefore we preincubated BMDM with IFN-y before
stimulation with the 7. brucei lysates. HIF-1a and pro-IL-1p ex-
pression was detected in samples stimulated with increasing
amounts of 7. brucei lysates, and this production was inhibited in
the presence of indolepyruvate (Fig. 64, compare lanes 6 and 7 to
lanes 3 and 4). TNF is produced following T. brucei infection and
plays a key role in the regulation of parasitemia. As mentioned
above, indolepyruvate has no effect on the induction of TNF ex-
pression by LPS (Fig. 3G). However, we wished to examine the
effect of indolepyruvate on the ability of TNF itself to induce
HIF-1a and pro-IL-1p expression in macrophages. Fig. 6B dem-
onstrates that TNF can induce HIF-1a and pro-IL-1f expression,
albeit at a lower level than LPS, and indolepyruvate again
inhibited this response (Fig. 6B, compare lanes 3 and 4 to lane 2).

Indolepyruvate Secreted from T. brucei Inhibits LPS-Induced pro-IL-1p.

Finally, to determine if the indolepyruvate secreted by 7. brucei
has an effect on the ability of LPS to induce pro-IL-1p, we

McGettrick et al.

incubated the wild-type bloodstream form of T. brucei or an
induced cASAT RNAI cell line with media supplemented with
tryptophan. The levels of indolepyruvate being produced were
measured to confirm the reduction of indolepyruvate following
knockdown of cASAT (Fig. 6C). BMDM were then cultured in
this media and stimulated with LPS. LPS induced pro-IL-1§ in
control media but this induction was reduced in the presence of
media from wild-type T. brucei (Fig. 6D, compare lane 8 to lane
7). When indolepyruvate was not present in the media (from
induced cASAT RNAI T. brucei), there was no inhibition of the
LPS-induced pro-IL-1p (Fig. 6D, compare lane 10 to lane 7).
These results demonstrate that indolepyruvate produced by
T. brucei can inhibit the ability of LPS to induce IL-1p. Taken
together, these results identify indolepyruvate from 7. brucei as
an inhibitor of HIF-1a and IL-1f in macrophages, contributing
to immune evasion by this parasite.
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Fig. 5. Indolepyruvate affects the ability of LPS to induce IL-1p and HIF-1q,

but has no effect on TNF or IL-6 in vivo. Mice were injected intraperitoneally
with indolepyruvate (50 mg/kg) or PBS for 30 min. LPS (15 mg/kg) or PBS
were then injected intraperitoneally for 2 h. (A) Protein isolated from PECs
was analyzed by Western blot for the presence of pro-IL-1p. (B) The levels of
IL-1B, TNF, and IL-6 protein secreted into the serum were measured by ELISA.
(C) The levels of IL-1, TNF, and IL-6 mRNA were measured by gPCR using
mRNA isolated from PECS. A is representative of three independent exper-
iments. In B and C, n = 9 per group. IP, indolepyruvate.
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Discussion

African trypanosomiasis is characterized by alterations in plasma and
urinary metabolic profiles, which display features of a diabetes-like
state, such as glucose depletion, hyperketonemia, altered amino acid
levels, and a marked a-keto aciduria that are pronounced at high
parasitemia (14, 15, 39, 40). The extent to which these perturbations
are a result of parasite or host metabolism, contribute to the path-
ogenesis of the disease, or if they have a function in the modulation
of host responses is unclear. Of particular interest for this study are
the effects on the aromatic amino acid pool in infected animals,
which include a depletion of serum levels of such amino acids, es-
pecially tryptophan, which is accompanied by excretion of abnormal
amounts of the corresponding aromatic a-ketoacid (15, 16, 18, 19).
Here we show that these effects are clearly attributable to parasite
metabolism. Significantly, a combination of biochemical, metabolic,
and RNAI analysis demonstrated that these parasites secrete sig-
nificant amounts of aromatic ketoacids, which are generated by the
transamination of host aromatic amino acids catalyzed by TbcASAT.
This process is obligatory in bloodstream forms of 7. brucei and
resultant levels of aromatic ketoacids can approach millimolar levels
in serum.

Interestingly, aromatic ketoacid excretion increased as the
extracelluar concentration of aromatic amino acid increased,
which may indicate that amino acid uptake might be a rate-
limiting step rather than transamination activity. Although the
precise reason for the essential requirement for TbcASAT in
bloodstream forms remains to be established, a number of re-
sults indicate that aromatic amino acids, especially tryptophan,
act as amino acid donors for the transamination of oxaloacetate
to generate essential intracellular aspartate. This view is con-
sistent with metabolomic data, which show that intracellular
aspartate is largely synthesized from oxaloacetate derived from
glucose rather than by uptake of aspartate (41). This same
study also noted that transport of aspartate is either absent or
below detection in bloodstream forms. Moreover, PEPCK is
also an essential enzyme in bloodstream forms and knockdown
of this enzyme resulted in a significant decrease in labeling of
asparate and pyrmidine pools (41). Analysis of the ketoacid
acceptor specificity of TbcASAT in this study also showed that
oxaloacetate is the preferred ketoacid acceptor when trypto-
phan is the amino donor, a substrate pair preference that agrees
with the metabolomic data. Finally, although o-ketoglutarate
can act as an acceptor in vitro, unlike oxaloacetate, there is no
obvious metabolic route for the continuous net production of
this ketoacid in bloodstream forms of 7. brucei, which lack a
functional TCA cycle and do not oxidize amino acids. Decreased
intracellular levels of aspartate in the TbcASAT knockdown cells
would readily account for the deleterious effect on cell growth for
a number of reasons. These parasites are auxotropic for purines
and production of adenine nucleotides from hypoxanthine, the
purine source in the medium, requires aspartate during the syn-
thesis of the adenylosuccinate precursor. Indeed the enzyme re-
sponsible, adenylosuccinate synthase, is also essential (42). It is
noteworthy that the rate of succinate production from glucose
(which can be taken as a measure of oxaoacetate productlon via
PEPCK) by bloodstream forms, 1s 201 nmol-h~":mg™", which is
equivalent to ~56 nmols/h/5 x 107 cells (41), whereas the rate of
excretion of indolepyruvate ranges from ~20-50 nmols/h/5 x 107
cells depending on the extracellular concentration of tryptophan.
Thus, production of oxaloacetate via PEPCK would be sufficient
to meet the requirements of tryptophan transamination by
TbcASAT. Additionally, although a biosynthethic pathway for
pyrimidines is present in these parasites, aspartate is also es-
sential for the production of uridine monophosphate and indeed,
as noted previously, knockdown of PEPCK resulted in decrease
labeling of the pyrimidine pool (41). So, at the very least, as-
partate produced by TbASAT would have an essential role in
nucleotide biosynthesis. A comparison of TbcASAT with the
activity from Trypanosoma cruzi, a related but mainly in-
tracellular parasite of mammals, suggests a selection for a
preference for tryptophan in African trypanosomes. Kinetic
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IP, indolepyruvate.
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studies have demonstrated that TbcASAT has a greater prefer-
ence (lower K,,) and a significantly higher V},../K,, ratio for
tryptophan as the amino group donor compared with tyrosine,
phenylalanine, or aspartate, whereas the 7. cruzi activity is less
selective and transaminates aromatic amino acids and aspartate
with equal efficiency (28).

Here we show that indolepyruvate, the transamination product
of tryptophan, acts as a metabolic modulator of the innate im-
mune response in vitro and in vivo. Indolepyruvate prevents the
glycolytic shift in response to LPS, a critical response for mac-
rophage function, by promoting the hydroxylation of the tran-
scription factor HIF-1a, which targets HIF-1a for degradation.
HIF-1a is known to bind to, and promote expression of multiple
inflammatory genes, notably pro—IL-1p. This study demonstrates
that indolepyruvate inhibits the ability of LPS to induce pro-IL-
1p. Although indolepyruvate promotes HIF-1a degradation and
IL-1p production at 0.2 mM, it shows more consistent inhibition
at 0.5 and 1 mM, suggesting that the inhibition of the innate
immune response by indolepyruvate is most important at the
peak of the parasitemia, when levels of indolepyruvate in the
blood are close to millimolar levels. At the peak of parasitemia,
the levels of pathogen-associated molecular patterns and damage-
associated molecular pattern molecules activating the innate im-
mune response would be at their highest, leading to a potential
overactivation of the innate immune response. This would be
detrimental for the host and the well-being of the host is crucial
for the survival of the parasite. Therefore, the ability of indole-
pyruvate to dampen down the immune response at the peak of the
parasitemia would be very beneficial to the parasite.

Modulation of the innate immune response by 7. brucei has
previously been demonstrated. Garzén et al. (43) used LPS to
stimulate an innate immune response and demonstrated that
proteins secreted from 7. brucei gambiense affected the host
immune response. The secretome impaired LPS-induced matu-
ration of murine dendritic cells as well as inhibiting the pro-
duction of the cytokines TNF-a, IL-6, and IL-10. Mitchell et al.
(11) demonstrated that LPS-induced IL-1 activity was pro-
foundly depressed in cells isolated from both A/J and C57BL/6J
mice following Trypanosoma congolense—another extracellular
African trypanosome—infection. Day 7 of infection found no IL-1
activity in supernatants from either mouse strain. This effect
may have been a result of indolepyruvate being present in
the bloodstream of these mice. Aromatic ketoacids have also
been shown to elicit an anti-inflammatory response. Aoki et al.
(44) demonstrated that indolepyruvate, phenylpyruvate, and
hydroxyphenylpyrvate, at concentrations similar to those used in
this study, protected the skin of hairless mice from UVB-induced
damage. Interestingly, indolepyruvate proved to be the most
effective and topical application of indolepyruvate to the dorsal
skin of hairless mice reduced the severity of UVB-induced skin
lesions; it also suppressed the production of IL-1f and IL-6 in
response to UVB radiation in these mice.

Macrophage activation occurs following infection with African
trypanosomes but what causes this activation is poorly under-
stood. It is likely that macrophages are exposed to several dif-
ferent activating agents. Some of these agents, such as VSG and
trypanosome DNA, originate from the parasite; others will
originate from the host, such as IFN-y. The levels of circulating
LPS also increase during African trypanosomiasis (30, 31, 29).
This increase is likely because of an increase in gut permeability
(45) and it is thought that this increase in LPS contributes to the
pathology of the disease by increasing the proinflammatory en-
vironment of the host (30-32). Nyakundi et al. (9, 45) demon-
strated that increases in cytokine production, including IL-1,
TNF-a, IL-6, and IFN-y, following T. brucei infection, strongly
correlated with the increase in LPS levels observed during in-
fection. T. brucei-infected mice become hyperresponsive to LPS
(6). The release of IFN-y from several cell types, including
T cells, is thought to prime macrophages making them more
susceptible to LPS activation. Levels of LPS binding protein also
increase in the plasma of infected mice, which would enhance

McGettrick et al.

the cellular response to LPS (46). Because of the increase in LPS
present in the blood of infected patients, indolepyruvate may
play a role in reducing the susceptibility of these patients to LPS
or may be involved in the down-regulation of macrophage acti-
vation by all activating agents.

Indolepyruvate reduces HIF-1a protein levels. Because HIF-
la is a transcription factor, this reduction will lead to the re-
duction in several HIF-la target genes, including GLUTI,
VEGF, LDHA, and IL-1p. This study has concentrated on the
impact of indolepyruvate on the proinflammatory cytokine, IL-
1B. The exact role for IL-1p in 7. brucei infection is not yet fully
understood. IL-1p levels increase following 7. brucei infection (9,
10) but Drennan et al. (38) demonstrated no significant differ-
ence between wild-type and IL-1R17™~ mice in 7. brucei infec-
tion. A study by Quan et al. (47), however, demonstrated a role
for the IL-1R1 in T. brucei infection. Intracerebral infusion of the
IL-1R1 antagonist (IL-1ra) prevented the weight loss, or lack of
weight gain, associated with infection. Infusion of IL-1ra and
soluble type 1 TNF receptor (sTNFrl) reduced trypanosome-
induced neurodegeneration, to a greater extent than TNFrl on
its own and reduced the expression of IL-1p and I-kB with no
effect on TNF-a. Additional studies will be needed to determine
if the impact of IL-1p during 7. brucei infection would be far
greater if the trypanosomes were not producing indolepyruvate.
IL-1B is a potent pyrogen, and so inhibiting its production may
indeed prevent fever and seizures during infection, but further
studies will be needed to investigate this. Indolepyruvate may
also enhance host survival by inhibiting endogenous trypano-
some-induced gene expression, notably those targeted by HIF-
la, to lessen systemic pathologies associated with a persistent
infection, such as anemia and cachexia, to increase the proba-
bility of parasite transmission. Although the physiological role of
indolepyruvate during an infection requires further investigation,
it is tempting to speculate that is has a function in regulating host
inflammatory responses, particularly at the peak of the para-
sitemia when circulating levels of the ketoacid are likely to be
highest. It is known that a proinflammatory response appears to
be required to control the initial parasitemia (8) but indolepyr-
uvate may limit the extent or systemic nature of this response
during the clearance of parasites. Interestingly, the neurologi-
cal symptoms associated with the late stage of the disease can
occur in the absence of a CNS inflammatory response (48).
Perhaps, as originally suggested by Newport et al. (15), dis-
ruption of the biogenic amine pool through metabolism of
tryptophan and excretion of indolepyruvate contributes to the
neurological effects, while simultaneously ameliorating a CNS
inflammatory response.

Our results therefore confirm that indolepyruvate is produced
by the bloodstream form 7. brucei and can modulate the innate
immune response. The levels of indolepyruvate present in a
patient could therefore be an important diagnostic tool for the
presence, and stage of disease, of T. brucei. Indolepyruvate might
also have potential as an inhibitor of IL-1p in inflammatory
diseases.

Materials and Methods

Reagents. Reagents used were LPS (E. coli, serotype EH100, Alexis), CpG,
Pam3Cys, R848 (Invitrogen), TNF (peprotech), and IFN-y (R+D systems); in
vivo LPS agonist (E. coli, serotype 055:B5); indolepyruvate and kynurenic acid
(Sigma-Aldrich). ELISA kits used were IL-18 (DuoSet DY401), IL-6 (DuoSet
DY406), TNF-a (Duoset DY410), and IL-1p (Quantikine, MLBOOC). Antibodies
used: B-actin (4267), IxB (44D4), phospho-p38 (9211), HydroxyHIF (3435) (Cell
Signaling Technologies), anti-IL-18 (R&D, AF401-NA), anti-HIF-1a (Novus,
NB100-449).

Mice and Cell Culture. All BMDMs and PECs were isolated from C57BL/6 Harlan
UK mice as previously described (23). The in vivo experiments were carried
out in C57BL/6 Harlan UK mice. All experiments were carried out with prior
ethical approval from the Trinity College Dublin Animal Research Ethics
Committee. Each “n" represents BMDM/PECs from individual mice.
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Trypanosome Cell Lines and Culture. Trypanosomes were cultured in stan-
dard HMI-9 (bloodstream form) or SDM79 (procyclic form) medium con-
taining 10% (vol/vol) FCS (49). The parental bloodstream (strain 13.90) and
procyclic (29.13) conditional RNAI cell lines were maintained by selection
in G418 and hygromycin, as described by Wirtz et al. (50). These cell lines
express a T7 polymerase and tetracycline repressor. Monomorphic MITat
1.1 bloodstream cells were isolated from infected rats as described else-
where (39).

NMR. Bloodstream form wild-type and cASAT RNA1 cells were cultured in
HMI-9 media for 24 h in the absence and presence of tetracycline (1 pg/mL).
Cells were collected by centrifugation at 1,500 x g for 10 min, washed once
in phosphate-buffered saline-glucose buffer (pH 7.4), centrifuged, and
resuspended at 5 x 107 cells/mL in HMI-9 media supplemented with 150 uM
single-labeled (indole-2-'3C)-tryptophan for a 5-h incubation at 37 °C with
5% CO,. Cell viability was actively monitored via microscopy during in-
cubation, and media samples were collected at 1-h intervals during the 5-h
incubation period by removing cells using centrifugation at 14,000 x g for
5 min. Media samples were snap-frozen and stored at —80 °C until use for
NMR. Next, 600-pL samples, consisting of 540 pL media and 60 pL D,O (lock),
were run on an 800-MHz Agilent DD2/4.2 K premiumCOMPACT spectrom-
eter. All '*C-NMR spectra were recorded at 25 °C, and samples were refer-
enced to internal glucose at ~98.64 ppm. Data were acquired with active
proton decoupling and NOE, 7.35 s 90° pulse width, 1-s relaxation delay,
spectral width —15.0 ppm to 235.2 ppm, with 3,200 scans performed. Post-
acquisition Line Broadening was 1-Hz exponential.

LDH Cytotoxicity Assay. BMDM were seeded at 200,000 cells per well of a 96-
well plate. Indolepyruvate was added to experimental wells at a final con-
centration of 1 mM for 25 h. Cytotox 96 nonradioactive cytotoxity assay
(Promega) was carried out as per the manufacturer’s instructions.

RT-PCR. Cells were lysed and total RNA was extracted using the RNAeasy kit
(Qiagen) and was reverse-transcribed using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to the manufacturers’ in-
structions. This cDNA served as a template for amplification of target genes
by real-time PCR to determine the relative amounts of IL-14 (primers
F: GGAAGCAGCCCTTCATCTTT, R: TGGCAACTGTTCCTGAACTC), LDHA (primers
F: ATCTTGACCTACGTGGCTTGGA, R: CCATACAGGCACACTGGAATCTC), GLUT1
(primers F: GATCACTGCAGTTCGGCTATAA R: GTAGCGGTGGTTCCATGTT), TNF
(primers F: GCCTCTTCTCATTCCTGCTT, R: TGGGAACTTCTCATCCCTTTG), or IL-6
(primers F: ACGATGATGCACTTGCAC R: ACTCCAGAAGACCAGAGGAA) mRNA.
The cycling threshold method [2742Y] was used for relative quantification by
comparative method after normalization to RPS18 (primer F: GGATGTGAAG-
GATGGGAAGT, R: CCCTCTATGGGCTCGAATTT) or GAPDH expression (51).

Western Blotting. Cells were lysed in SDS sample buffer [0.125 M Tris pH 6.8,
10% (vol/vol) glycerol, 0.02% SDS] and Western blot analysis was carried out
as previously described (52). Western blots were developed using autora-
diographic film or using a ChemiDoc MP gel imaging system (Bio-Rad).

ELISA. For ELISA, 1 x 10 BMDMs per milliliter were pretreated for 30 min +
indolepyruvate, followed by 100 ng/mL LPS for 24 h. Supernatants were
collected and cytokines quantified by ELISA according to manufacturers’
instructions (R&D Systems). Results are presented as mean + SEM.

Reporter Gene Assays. HEK293-MD2-TLR4-CD 14 cells seeded at 200,000 cells
per well into 96-well plates and transfected with expression vectors and
luciferase reporter genes for NF-kB, ISRE, and HRE. phRL-TK reporter plasmid
was cotransfected to allow normalization of data for transfection effi-
ciency. After 18 h, cells were treated with indolepyruvate followed by LPS
(100 ng/mL) and 6-h later reporter gene activity was measured. All reporter
assays were done in triplicate and data are expressed as “relative stimula-
tion” (mean + SD) over the nonstimulated empty vector control, for a
representative experiment, a total of three separate experiments being
carried out.

Isolation of Human PBMC. Human PBMC were isolated from human blood
using Lymphoprep (Axis-Shield). Thirty milliliters of whole blood was layered
on 20 mL lymphoprep and spun for 20 min at 2,000 rpm with no brake on. The
PBMCs were then isolated from the middle layer and washed twice in PBS.
PBMCs were maintained in RPMI supplemented with 10% (vol/vol) FCS, 2 mM
L-glutamine, and 1% penicillin/streptomycin solution.
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In Vivo Trial. Mice were injected intraperitoneally with indolepyruvate
(50 mg/kg), phenylpyruvate (50 mg/mg), or PBS for 30 min. LPS (15 mg/kg) or
PBS were then injected intraperitoneally. Two-hours postinjection the mice
were humanely euthanized and serum was isolated from whole blood and
PECs were harvested.

cASAT RNAI. A 446-bp fragment (from nuclotide 556-1002) from the cASAT
(Tb927.10.3660) of T. brucei was amplified and cloned into the p2T7-177
RNAI vector. The construct was linearized with Notl and transformed into
the RNAI parental cell lines using the Amaxa parasite nucleofection kit (51).
The construct was targeted to the minichromosomes through homologous
recombination within the 177-bp repeats. The cASAT-RNAI cell lines were
selected by culturing in the presence of phleomycin and cloned by limiting
dilution. Expression of the dsRNA was induced by addition of tetracycline
(1 pg/mL). Total RNA was extracted using the Stratagene Absolutely RNA
purification kit. The relative level of expression of the cASAT mRNA was
estimated by gRT-PCR using the Brilliant SYBR Green gRT-PCR Master Mix Kit
(Stratagene) in an MxPro 3000 instrument (Stratagene). The cycling thresh-
old method [2*2] was used for relative quantification by comparative
method after normalization to actin expression (51).

ASAT Assay. Total ASAT specific activity was assayed at 340 nm in the direction
of oxaloactate production using aspartate (12.5 mM) and o-ketoglutarate
(10 mM) as substrates and malate dehydrogenase (5 units/mL) and NADH
(0.2 mM) as a coupling enzyme/substrate as described in Bergmyer (53). At
various times the trypanosomes were harvested by centrifugation and the
ASAT specific activity (units per milligram) was determined in total cell ly-
sates, prepared as described previously (54).

Aromatic Ketoacid Production. The full ORF (TcCLB.506937.10) for NAD-linked
aromatic a-hydroxy acid dehydrogenase (AHADH) was amplified and cloned
into the pNIC28-Bsa4 expression vector. Following induction, recombinant
AHADH was purified from the soluble fraction by Ni** affinity chromatog-
raphy. Purified AHADH was used to measure the amount of total aromatic
ketoacids in samples (up to 0.2 mL) using a standard assay (final volume of
1 mL) containing Tris buffer (25 mM, pH 7.4), NaCl (50 mM), NADH (0.25 mM),
and AHADH (850 U). Total aromatic ketoacid present in the sample was
determined by the decrease in absorbance at 340 nm. Appropriate blank
controls were used to correct for sample volume and the assay was verified
using standard solutions of phenlpyruvate.

In Vitro Trypanosome Supernatant Transfer Experiment. Trypanosomes were
grown in modified DMEM. Supernatants were harvested and used to pretreat
BMDMs, followed by stimulation by LPS for 24 h. Cells were lysed in SDS
sample buffer and analyzed by Western blot.

Glucose Consumption. The levels of glucose present in BMDM supernatants
were assayed enzymatically using a hexokinase/glucose-6-phosphate de-
hydrogenase assay. The assay (final volume 1 mL) was performed in assay
buffer (Tris-Cl 50 mM, NaCl 50 mM, MgCl, 5 mM, pH 7.5) containing ATP
(2.5 mM), NAD (2.5 mM), hexokinse (10 w/mL) and glucose-6-phosphate de-
hydrogenase from Leuconostoc mesenteroides (10 p/mL). The amount of
glucose present was determined by the increase in absorbance at 340 nm
following addition of the sample (typically 10 pL). The assay was verified
using standard solutions of glucose.

Glycolysis Analysis Using Seahorse. BMDMs were plated at 200,000 cells per
well in XF24 plates overnight before 30-min pretreatment with varying
concentrations of indolepyruvate, phenylpyruvate, or hydroxyphenylpyr-
uvate, followed by stimulation with 100 ng/mL LPS for 24 h. XF24 Extracellular
Flux analyzer (Seahorse Biosciences) was used to determine the proton
production rate. Oligomycin (final concentration of 2 uM) and 2DG (final
concentration of 50 mM) were used to determine the maximum glycolsis and
gylcolytic reserve. Results were normalized to cell number and are repre-
sented as mean + SD.

Hypoxia Experiment. BMDMs were seeded in 24-well plates (1 x 10° cells/mL),
incubated with indolepyruvate for 30 min. Half the cells were then main-
tained in normoxic conditions in a CO, incubator, and half were placed in
hypoxic conditions in a hypoxia chamber at 1% O, (Coy Laboratories). The
cells were then lysed in SDS sample buffer [0.125 M Tris pH 6.8, 10% (vol/vol)
glycerol, 0.02% SDS] and a Western blot was performed.
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In Vitro Trypanosome Supernatant Transfer Experiment. For the in vitro try-
panosome supernatant transfer experiment, 3 x 10° /mL MITat 1.1 wild-type
and cASAT RNA1 cells were grown for 5 h in modified DMEM [DMEM + 10%
(volivol) FCS, 0.05 mM bathocuprione disulphonic acid, 1.5 mM L-cysteine,
0.3 mM p-mercaptoethanol, 1 mM hypoxanthine, 3.0 g/L NaHCO;, pH 7.5].
Cells were then centrifugued and the supernatants harvested. These
supernatants were the used to pretreat BMDMs for 30 min, followed by
stimulation by LPS at 100 ng/uL for 24 h. Cells were lysed in SDS sample
loading buffer and analyzed by Western blot.
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