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Adenylate Cyclases of Trypanosoma
brucei Inhibit the Innate Immune
Response of the Host
Didier Salmon,1,2*† Gilles Vanwalleghem,1† Yannick Morias,3,4 Julie Denoeud,5

Carsten Krumbholz,6 Frédéric Lhommé,7 Sabine Bachmaier,6 Markus Kador,6 Jasmin Gossmann,6
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The parasite Trypanosoma brucei possesses a large family of transmembrane receptor–like
adenylate cyclases. Activation of these enzymes requires the dimerization of the catalytic domain
and typically occurs under stress. Using a dominant-negative strategy, we found that reducing
adenylate cyclase activity by about 50% allowed trypanosome growth but reduced the parasite’s
ability to control the early innate immune defense of the host. Specifically, activation of
trypanosome adenylate cyclase resulting from parasite phagocytosis by liver myeloid cells inhibited
the synthesis of the trypanosome-controlling cytokine tumor necrosis factor–a through activation
of protein kinase A in these cells. Thus, adenylate cyclase activity of lyzed trypanosomes favors
early host colonization by live parasites. The role of adenylate cyclases at the host-parasite
interface could explain the expansion and polymorphism of this gene family.

The protozoan flagellate Trypanosoma
brucei infects a wide range of mammals,
including humans, where it causes sleeping

sickness. Bloodstream parasites are coated with
a glycosylphosphatidylinositol (GPI)–anchored
antigen termed variant surface glycoprotein

(VSG) (1). Upon cellular stress, including cell
lysis, activation of a GPI-specific phospho-
lipase C (VSG lipase) triggers release of solu-
ble VSG (2). Massive VSG release at the peak of
parasitaemia contributes to interferon-g (IFN-g)–
dependent tumor necrosis factor–a (TNF-a)
synthesis by macrophages and high TNF-a serum
levels, but early in infection, myeloid cells recruited
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Fig. 1. Generation of T. brucei cell lines
expressing DN ACs. (A) Plasmid constructs.
PARP prom, procyclic acidic repetitive pro-
tein promoter; CD, catalytic domain. In DNi-2, the ESAG4 C terminus is
truncated by 112 amino acids. (B) Immunoblot evidence for ESAG4 ex-
pression in pleomorphic DNc and monomorphic DNi parasites. Loading
control: PFR, paraflagellar rod protein; d, day after doxycyclin (Dox)
induction. (C) AC activity (cAMP synthesis), measured by swell dialysis after
pH 5.5 treatment (2). AC activity of uninduced DNi parasites remained

constant during the entire incubation period. (D) In vitro growth rate of
the different cell lines. In this and the following figures, control (Ctrl)
trypanosomes are transgenic pleomorphic trypanosomes containing an
ESAG4-free plasmid (pTSARib0), and the values are means of at least three
independent experiments (error bars, mean T SEM). *P < 0.05, **P < 0.01,
***P < 0.001 (Student-Newman-Keuls post hoc analysis of variance).
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in liver and spleen already synthesize TNF-a in-
dependently from IFN-g (3, 4). Although involved
in early trypanosome growth control, TNF-a also
contributes to tissue pathogenicity during chronic
infection (5–7).

Unlike related kinetoplastids developing
intracellularly (T. cruzi and Leishmania), ex-
tracellular African trypanosomes (T. brucei,
T. congolense, and T. vivax) show a remark-
able expansion of receptor-like adenylate cy-
clases (ACs) without evidence for isoform
orthologs between species (fig. S1). The T. brucei
genome encodes more than 80 ACs, many of

which were detected at the cell surface (8–10).
The prototype gene of this family, termed ESAG4
(expression site–associated gene 4), is included
in polycistronic VSG transcription units, in con-
trast to the other genes termed GRESAG4s
(genes related to ESAG4) (10, 11). All ACs share
a similar structure, with a large extracellular
domain and a conserved intracellular catalyt-
ic domain, the dimerization of which is re-
quired for activity (8, 12, 13). Although the
basal cellular cyclic adenosine monophos-
phate (cAMP) concentration is extremely low
(~0.67 mM) (table S1), stress, such as acid treat-

ment or osmotic lysis, activates ACs to produce
~250 times the basal cellular content per minute
(2, 14, 15). AC and VSG lipase activities are
triggered simultaneously but independently
(2). Apart from ESAG4 involvement in cyto-
kinesis (10), the function of T. brucei ACs is
unknown.

To develop a dominant-negative (DN) ap-
proach, the catalytic domain of ESAG4 was
inactivated by mutagenesis of key residues (16).
A pleomorphic T. brucei clone was transformed
for constitutive expression of the G947S/D948S
mutant (DNc cell line), and three monomorphic

Fig. 2. Increased host capacity to control DN AC parasites. (A to C) Parasitaemia
and survival time of different mice inoculated with pleomorphic control
or DNc parasites by syringe [(A) and (B)] or infected tsetse flies (C). (D)
Parasitaemia and survival time of NMRI mice inoculated by syringe with

monomorphic WT or DNi parasites. M.S., median survival time. In this and
the following figures, the bars above the parasitaemia graphs highlight
significant differences between Ctrl and DNc or the respective compar-
ison (P < 0.05).

Fig. 3. Involvement of phagocytes and TNF-a in host capacity to control
trypanosomes. (A to D) Parasitaemia and survival time of C57Bl/6 mice
treated with clodronate-containing liposomes or deficient in TNF-a,

IFN-g, or iNOS, after inoculation with pleomorphic control or DNc par-
asites. The survival time of infected clodronate-treated mice was not
determined.
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trypanosome lines were generated for doxycyclin-
inducible expression of the D948A/R1052A mu-
tant, with or without a C-terminal green fluorescent
protein (GFP) tag (DNi-1, -2, and -3) (Fig. 1, A
and B). The GFP-tagged DNi proteins showed
the expected surface localization (17) (fig. S2). In
DNc and induced DNi parasites, total AC ac-
tivity, measured under stress conditions, was re-
duced by ~50% (Fig. 1C).

In culture, DNc growth was slightly re-
duced compared with control cells (Fig. 1D).
Upon induction, the three DNi cell lines showed
transient (~2 days) growth retardation and
cytokinesis abnormalities (Fig. 1D and fig.
S3A). Reversion correlated with up-regulation

of GRESAG4.1 expression, which was also seen
in DNc (fig. S3B) and ESAG4 knock-out par-
asites (10). In mice, DN AC expression strong-
ly affected the infection pattern. After parasite
inoculation by either intraperitoneal syringe-
mediated injection or the bite of infected tset-
se flies, DNc parasitaemia was considerably
lower than control parasitaemia, and the host
survival time was longer (Fig. 2, A to C).
Serial DNc passaging in mice led to rever-
sion of parasitaemia to control levels, linked
to the loss of the DN AC transgene and recov-
ery of AC activity (fig. S4). The DNc infection
phenotype was mimicked by DNi parasites.
Without induction, the three DNi lines killed

mice after 3 to 4 days, as expected for mono-
morphic parasites (Fig. 2D). In contrast, dox-
ycyclin induction led to drastic reduction of
parasitaemia and prolongation of host surviv-
al time, whereas doxycyclin itself had no ef-
fect on wild-type (WT) parasite infection (18)
(Fig. 2D).

The DNc infection pattern was largely con-
served in mice deficient in either T lymphocytes
(nude), T + B lymphocytes (severe combined
immunodeficiency), or B lymphocytes (immu-
noglobulin m-chain defective) (fig. S5). In con-
trast, DNc parasitaemia strongly increased in
WT mice injected with clodronate-containing li-
posomes, indicating a crucial role for phagocytic

Fig. 4. Modulation of TNF-a synthesis after trypanosome infection. (A) Mea-
surement of TNF-a+ cells in total live nonparenchymal liver cells (top, mean
values from three experiments and representative flow cytometry profiles) and
in liver IMs (CD11b+/Ly6c+/CD11c–), IDCs (CD11b+/Ly6c+/CD11c+), and macro-
phages (MF) (CD11b+/Ly6c–/CD11c–) (middle, gating strategy illustrated for
DNc-infected mice; bottom, mean number of IM, IDC, and MF, and percent-
age of TNF-a+ cells thereof, from three experiments) of C57Bl/6 mice at day 4
p.i. with pleomorphic control or DNc parasites. (B) Imaging of liver Ly6C+/GFP+

myeloid cells from C57Bl/6 mice at day 3 p.i. with GFP-labeled monomorphic
WT trypanosomes. (Left) The gating of Ly6C+/GFP+ cells by Imagestream
analysis. (Right and Bottom) Representative examples of Ly6c+/GFP+ cells
with surface-bound or internalized parasites, seen by Imagestream and scan-

ning electron microscopy, respectively (arrows point to myeloid cell–associated
trypanosomes). (C) TNF-a levels in liver myeloid cells of C57Bl/6 mice at
day 3 p.i. with GFP-expressing monomorphic WT trypanosomes or induced
DNi-2 parasites, determined as mean fluorescence intensity difference (dMFI)
between antibodies to TNF-a and isotype control antibodies. The gating strat-
egy is illustrated for WT-infected mice. (D) PKA activity (pmol of phosphate
transferred to substrate per 105 cells per min at 30°C) in myeloid cells from
WT mice at day 4 p.i. with control or DNc parasites. (E) Parasitaemia and
survival time after inoculation of control or DNc parasites in C57Bl/6 mice
issued from a cross between heterozygous RIaB mice and homozygous
CD11b/Cre expressor mice; the Cre recombinase activates RIaB expression
through removal of an intervening neomycin cassette.
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cells (19) (Fig. 3A). Key immune modulators
affecting trypanosome infection are TNF-a,
IFN-g, and NO (4, 5). In TNF-a–/– mice, the
DNc infection pattern reverted to that of con-
trol parasites, whereas in IFN-g–/– mice, DNc
parasitaemia reverted to control levels after
the first peak, and in inducible nitric oxide
synthase–negative (iNOS–/–) mice, no reversion
occurred (Fig. 3, B to D). Infection pheno-
type reversion in TNF-a–/– mice was specific
to DNc parasites because it was not observed
with other subvirulent transgenic T. brucei lines
(fig. S6). Infection phenotype reversion also
occurred for induced DNi trypanosomes upon
clodronate treatment or growth in TNF-a–/– mice,
but not in nude mice (fig. S7). Thus, TNF-a was
involved in the effects of trypanosome ACs on
infection.

Splenectomy did not affect the DNc infec-
tion phenotype (fig. S5), presumably because
in mice, the major site of trypanosome inter-
action with myeloid cells is the liver (20). At
day 4 post-injection (p.i.), the number of liver
TNF-a–synthesizing CD11b+ cells was higher
with DNc than with control parasites (Fig. 4A).
Specifically, with both parasites, the number of
inflammatory monocytes (IMs) (CD11b+/Ly6c+/
CD11c–) and inflammatory dendritic cells (IDCs)
(CD11b+/Ly6c+/CD11c+) significantly increased
while the number of macrophages (CD11b+/
Ly6c–/CD11c– ) decreased, but in all subpopu-
lations, the percentage of TNF-a–synthesizing
cells was ~2.5 times as high with DNc than with
control parasites (Fig. 4A). Thus, parasite AC
inactivation was linked to early expansion of
liver TNF-a+ myeloid cells.

To evaluate whether the effects of ACs re-
quired direct parasite interaction with myeloid
cells, monomorphic trypanosomes expressing
GFP (WT-GFP) or AC-GFP fusion protein (in-
duced DNi-2) were used. To ensure proper com-
parison, all mice were treated with doxycyclin.
In myeloid cells associated with GFP-labeled
trypanosomes at day 3 p.i. (3% of the population)
(Fig. 4B), the intracellular level of TNF-a was 2
to 4 times as high with induced DNi than with
WT parasites (Fig. 4C and fig. S8). Thus, my-
eloid cell–associated parasite AC activity was
linked to reduction of TNF-a synthesis.

Because cAMP-mediated activation of pro-
tein kinase A (PKA) can inhibit TNF-a synthesis
(21), we measured the PKA activity in CD11b–

and CD11b+ cells fromWTmice 4 days p.i. with
control or DNc parasites. Increased PKA activity
was only observed in CD11b+ cells after control
parasite infection (Fig. 4D). Reciprocally, the in-
fluence of myeloid cell PKA on infection was
addressed. PKAwas down-regulated in CD11b+

cells by Cre-mediated activation of a dominant
negative regulatory PKA subunit (RIaB) (22).
Compared with control mice, in RIaB/Cre mice
parasitaemia was reduced by a factor of 2.5 (Fig.
4E). Thus, myeloid cell PKA affected trypano-
some infection and could be targeted by para-
site ACs.

The increased host survival time observed
with DNc parasites was associated with re-
duced liver damage and drastically reduced serum
levels of pathogenic TNF-a (fig. S9). This pre-
sumably resulted from lower IFN-g–dependent
myeloid cell activation linked to the very low
parasitaemia and subsequent low release of VSG
(3, 4). In IFN-g–/–mice, the reduction of systemic
TNF-a (fig. S9B) could account for increased
parasitaemia after the first peak and consecutive
reduction of host survival time (compare Figs.
3C and 2B).

Our results indicate that ~50%of total T. brucei
AC activity is not essential for parasite growth
but is crucial to regulate processes involved in
parasitaemia control. Specifically, AC activity
of trypanosomes, whether triggered upon phago-
cytosis by the acidic phagosome environment
or by trypanolysis, appeared to reduce the early
innate defense against live parasites before the
massive release of immunomodulatory factors
such as VSG GPI anchor fragments at the first
parasitaemia peak. Even a few trypanosomes
or dead trypanosomes are able to durably affect
host innate immunity (23). T. brucei ACs in-
hibited TNF-a synthesis in liver myeloid cells,
linked to activation of myeloid cell PKA. This
evokes the effects of AC toxins from extracel-
lular pathogenic bacteria (Bordetella pertussis
and Bacillus anthracis) (24), but contrasts with
TNF-a induction by AC from intracellular
Mycobacterium tuberculosis (25).

TNF-a was found to be crucially involved in
controlling trypanosome parasitaemia. However,
systemic TNF-a did not seem to affect late in-
fection. Thus, the trypanosome-controlling activ-
ity of TNF-a would occur early and be restricted
to the environment of TNF-a–producing cells.
Myeloid cell–proximal TNF-a is thought to fa-
cilitate parasite phagocytosis in niches such as
the liver, the major organ for trypanosome clear-
ance (5, 20, 23). Therefore, at the beginning of
infection, liver myeloid cells could target most
invading parasites, and without efficient parasite
AC response, only low parasitaemia could devel-
op in the blood.

The AC function at the host-parasite interface
would explain the specific expansion and diver-
sification of ACs in extracellular trypanosomes
continuously exposed to the immune system.
This conclusion could also apply to other extra-
cellular parasites such as Trichomonas vaginalis
(26). The sequence diversity of the AC extra-
cellular domain might help to prevent efficient
recognition by antibodies. Examples of polymor-
phism associated with parasite enzymes exposed
to the immune system include the T. cruzi trans-
sialidases (27) or the Toxoplasma gondii protein
kinases (28).
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