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Abstract

Mechanistic details of the modulation by cAMP of Trypanosoma cruzihost cell invasion remain
ill-defined. Here we report that activation of host’s Epacl stimulated invasion, whereas specific
pharmacological inhibition or maneuvers that alter Epacl subcellular localization significantly
reduced invasion. Furthermore, while specific activation of host cell PKA showed no effect, its
inhibition resulted in an increased invasion, revealing a crosstalk between the PKA and Epac
signaling pathways during the process of invasion. Therefore, our data suggests that subcellular
localization of Epac might be playing an important role during invasion and that specific activation
of the host cell cAMP/Epacl pathway is required for cAMP-mediated invasion.
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Trypanosoma cruzi, a protozoan parasite transmitted by blood-sucking triatomine insects
from the Reduviidae family, is the etiological agent of Chagas disease, a serious health threat
among people living in poor rural populations of Central and South America. Estimations
indicate 6 to 8 million infected people and 65 million individuals at risk of contracting the
disease, an annual incidence of 28.000 cases and 12.000 deaths (http://www.paho.org).
Additionally, human migration from endemic areas of Latin America to Europe, North
America, and the Western Pacific, significantly increased the prevalence of 7. cruziinfection
outside of Latin America, resulting in a global economic burden of $7.19 billion [1].
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T. cruzi, has a complex life cycle including a bug-vector and a vertebrate host. In the
mammalian host, 7. cruziis an obligate intracellular parasite that posses the ability of
infecting different kind of tissues. To ensure successful cell invasion the parasite has
developed multiple mechanisms of internalization, including the recruitment and fusion of
lysosomes to the entry site [2]. In this process, attachment of trypomastigotes to the cellular
host is accompanied by an elevation of intracellular cAMP levels. It has been shown that
cAMP is able to potentiate the CaZ*-dependent exocytosis of lysosomes and lysosome-
mediated cell invasion by 7. cruzi[3]. Accordingly, pharmacologic intervention of the
cAMP pathway is able to modulate parasite invasion [3]. However, cAMP effectors involved
in 7. cruziinvasion remain unknown. In mammalian cells, both cAMP effector pathways,
i.e. Protein Kinase A (PKA) and Exchange protein activated directly by cAMP (Epac), are
involved in Ca2*-triggered exocytic events (i.e. secretion) [4]. Moreover, members of the
cAMP signaling pathway were localized to late endosomes/lysosomes [5], and Epac-
mediated Rap activation is involved in regulated exocytosis in human sperm [6], insulin
secretion [7] and pancreatic amylase release [8]. Therefore, we hypothesized that the cAMP/
Epac pathway might play a role during 7. cruziinvasion of the host cell. In this work, using
a set of pharmacological tools, we demonstrated that Epacl-mediated signaling represents
the main mechanism for cAMP-mediated host cell invasion.

In order to evaluate our hypothesis, we first demonstrated the ability of tissue-cultured
trypomastigotes of the CL Brener strain to induce an increase in the intracellular levels of
cAMP in NRK cells (Normal Rat Kidney cell-line) (Fig. 1A). In contrast, epimastigotes
from the same strain failed to promote the production of cCAMP by the host cell (Fig. 1A). To
confirm the positive modulation of cAMP on 7. cruziinvasion of NRK cells, elevation of the
intracellular cyclic nucleotide was attained by pretreatment of host cells with the
Phosphodiesterase (PDE) inhibitor IBMX (3-Isobutyl-1-methylxanthine) (Sigma) or the
non-hydrolysable cAMP analog 8-Br-cAMP (8-Bromoadenosine-3”,5"-cyclic
monophosphate) (Biolog). In both cases, treatment led to an increased in the total number of
infected cells, as reflected in an increased percentage of invasion (Fig. 1B and C).

The specific roles of cAMP effectors, PKA and Epac, during host invasion by 7. cruzi, were
evaluated using a set of pharmacologic tools to selectively activate or inhibit these effectors.
As shown in Fig. 2, pretreatment of host cells with cAMP analogs that triggered differential
activation of PKA, such as 6-Bnz-cAMP (N6-Benzoyladenosine-3",5"-cyclic
monophosphate) (Biolog) or Sp-cAMP (Adenosine- 3”,5”-cyclic monophosphorothioate,
Sp-isomer) (Biolog), had no significant effect on 7. cruz/invasion. On the other hand, the
percentage of invasion significantly increased when host cells were pretreated with a CAMP
analog that exclusively activates Epac (8-(4- Methoxyphenylthio)-2"-O-
methyladenosine-3”,5" cyclic monophosphate) (Biolog) (Fig. 2). Consistent with this
observation, differential inhibition of Epac by the recently discovered antagonist ESI-09
(Sigma) [9], showed a significant inhibition in invasion (Fig. 2). These results clearly
showed the requirement of Epac activation for the positive modulation by cAMP of invasion.
In addition, an increase in invasion was also observed when cells were pretreated with the
PKA inhibitor H89 (Sigma) (Fig. 2). However, H89, a competitive inhibitor that blocks PKA
activity through displacement of ATP from the catalytic site, could also inhibit at least 8
other kinases [10]. In order to avoid potential effects on other kinases, inhibition was
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achieved by using Rp-cAMP (Adenosine-3’,5”-cyclic monophosphorothioate, Rp-isomer)
(Biolog), a permeable PDE-resistant cCAMP analog shown to be an specific inhibitor of PKA.
As for H89, pretreatment with Rp-cAMP had also a positive effect on 7. cruziinvasion (Fig.
2). The increase in invasion observed as a result of PKA inhibition, could be translated in a
PKA-dependent antagonistic effect over cAMP-mediated invasion. If inhibition of PKA
increased invasion, it could then be expected that activation of PKA would have the opposite
effect. Therefore, under physiological conditions, PKA-mediated phosphorylation would be
negatively regulating the Epac pathway. This inhibition could be achieved, at least, in two
different ways: A) through direct phosphorylation of Epac or B) At the level of Rapl, a
downstream effector of Epac, and potential target for PK A-mediated phosphorylation [11].
Supporting this idea, Low and Stork found peptides within the N-terminus of Epacl that
were capable of being phosphorylated in vitro by PKA [12].

There is a growing body of evidence suggesting the formation microdomains at specific
subcellular locations where the machinery for synthesis (adenylyl cyclase), degradation
(PDES) and effectors (PKA and Epac) of cAMP are located. This compartmentalization
allows a confined cAMP signaling by regulating duration and strength of the signal. It is
known that mammalian Epac proteins segregate into different intracellular compartments
that determine its coupling and activation of specific downstream pathways [13]. Targeting
Epac compartmentalization rather than its activity represents a logical approach towards
achieving higher specificity. A construct containing the membrane anchoring domain but not
the catalytic domain might displace Epac WT, blocking downstream events and disrupting
the process of cAMP-mediated invasion. Such a tool, based on the expression of Epac
regulatory domain [N-Epac (1-148)] devoid of its GEF catalytic activity was developed, and
its dominant negative activity confirmed in a thyroid model [14]. Additionally, using a yeast
two hybrid approach with the regulatory N-Epac (1-148) as bait, radixin, an ERM protein
was identified as the target mediating the dominant negative effect [15]. Deletion mapping
identified Epac (1-52), i.e. ERM-binding domain or EBD, and further mapping using
peptide arrays identified a 15-mer sequence as the minimal ERM-binding domain sufficient
for radixin interaction. A cell-permeant version of this 15-mer sequence (st-EBD), was able
to inhibit specifically a cAMP-dependent (TSH-Insulin) but not a cAMP-independent
(bFGF-Insulin) cell proliferation in thyroid cells, and provided the proof-of-principle for the
compartmentalization targeting strategy (not shown). Evidence indicating that the Epac
pathway is required for 7. cruzi c AMP-mediated invasion (Fig. 2), prompted us to test the
permeable peptide in the invasion assays. Pretreatment of NRK host cells with the st-EBD
was able to partially block invasion (Fig. 3). This observation is consistent with the
involvement in 7. cruziinvasion of a pool of Epacl compartmentalized with ERM-actin, as
described for TSH stimulation in thyroid cells [15] and for integrin-mediated cell adhesion
[16]. Taken together, these results suggest a critical role for the cCAMP/Epacl pathway
during invasion by the parasite.

It has been shown that an intact, stiff and rapidly remodeling cytoskeleton would be required
for the initial steps of parasite invasion and parasite retention [17]. Upon invasion, a time-
dependent softening and disassembly of the cytoskeleton dictates the ability of internalized
trypomastigotes to remain inside the cell, with changes occurring through PKA-mediated
inhibition of the Rho/Rho kinase-signaling pathway [18]. The fact that Epac/Rap signaling
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could participate in reorganization of the cytoskeleton thru activation of RhoA [19], allowed
us to raise the hypothesis that cAMP/Epac signaling pathway could be activated by 7. cruz/
at the initial steps of invasion, promoting Ca2*-dependent exocytosis of lysosomes and
cytoskeletal reorganization, triggering lysosome-mediated cell invasion. Once the parasite
gained access to the cell, PKA-mediated inhibition of the Epac pathway would abolish F-
actin formation and lysosome-mediated invasion. In line with this hypothesis, our results
showed that inhibition of PKA increased the percentage of invasion (Fig. 2), presumably by
deregulation of Epac activity, confirming the requirement of a temporal loses of function of
Epac for the establishment of the infection.

Although recognized as an important mechanism of invasion, knowledge about cAMP-
mediated modulation of 7. cruziinvasion has been obscure for long years. In this work, data
obtained using a set of pharmacological tools provided us with convincing evidence to
establish a critical role for Epacl in host cell invasion by the parasite. Our results
demonstrate that activation, and possibly compartmentalization, of Epac-mediated signaling
would represent the central mechanism for cAMP-mediated host cell invasion. Dissecting
the cAMP/Epac pathway would provide the detailed molecular mechanism by which Epac
controls Ca2* mobilization and modulates 7. cruziinvasion.
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Fig. 1.

A)g T. cruzi trypomastigotes trigger elevation in host cell cCAMP intracellular levels. NRK
cells were incubated with trypomastigotes or epimastigotes of the CL Brener strain (100:1
parasite to cell ratio) or vehicle. After 30 min incubation cells were lysed and cCAMP
intracellular concentration measured with the cAMP Screen System Kit, following
instructions by supplier (Applied Biosystem). Data represent the mean + SD of three
independent experiments. * p < 0.05, with unpaired Student’s £test. B) 7. cruzi modulates
host’s cCAMP-mediated signaling to promote invasion. Pretreated NRK cells (30 min at 300
UM IBMX or 300 uM 8-Br-cAMP) were infected with trypomastigotes of the 7. cruziCL
Brener strain. 48 hs post-infection cells were fixed, stained with DAPI and percentage of
invasion ((#Infected cells/3000 cells)*100) was calculated by fluorescence microscopy.
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Invasion of untreated cells was considered as basal invasion. Data represent the mean + SD
of three independent experiments. * p < 0.05 and *** p < 0.001, ANOVA with posttest
comparisons. C) Representative images of DAPI staining of infected cells pretreated with
the indicated inhibitor/activator.
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Fig. 2.

E;?ac participates in 7. cruziinvasion. A) Pretreated NRK cells (30min at 300uM of cAMP
analogs or 37.5uM of ESI-09) were infected with trypomastigotes from 7. cruzi CL Brener
strain (20:1 parasite to cell ratio for 2 h). 48 hs post-infection cells were fixed, stained with
DAPI and percentage of invasion determined by fluorescence microscopy. Infection of
untreated cells was considered as basal infection. Results are expressed as mean + SD (n =
3). **p < 0.01, ***p < 0.001, ANOVA and Dunnett posttest. B) Representative images of
DAPI staining of infected cells pretreated with the indicated inhibitor/activator.
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Fig. 3.

E;?acl subcellular localization is essential in T. cruzi invasion. A) NRK cells were incubated
for 4 h with the st-EBD (10 uM of stearate-KPRACSYDLLLEHQRP-amide peptide),
washed and infected with trypomastigotes from 7. cruzi CL Brener strain (20:1 parasite to
cell ratio for 2 h). 48 hs post-infection cells were fixed, stained with DAPI and percentage of
invasion determined by fluorescence microscopy. Infection of non-treated cells was
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considered as basal infection. Results are expressed as mean + SD (n = 3). * p < 0.05, #test.
B) Representative images of DAPI staining of infected cells pretreated as indicated.
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