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Abstract

Leishmania amazonensis infection promotes alteration of host cellular signaling and intracellular

parasite survival, but specific mechanisms are poorly understood. We previously demonstrated

that L. amazonensis infection of dendritic cells (DC) activated extracellular signal-regulated

kinase (ERK), a MAP-kinase kinase kinase, leading to altered DC maturation and non-healing

cutaneous leishmaniasis. Studies using growth factors and cell lines have shown that targeted,

robust, intracellular phosphorylation of ERK1/2 from phagolysosomes required recruitment and

association with scaffolding proteins, including p14/MP1 and MORG1, on the surface of late

endosomes. Based on the intracellular localization of L. amazonensis within a parasitophorous

vacuole with late endosome characteristics, we speculated that scaffolding proteins would be

important for intracellular parasite-mediated ERK signaling. Our findings demonstrate that MP1,

MORG1, and ERK all co-localized on the surface of parasite-containing LAMP2-positive

phagolysosomes. Infection of MEK1 mutant fibroblasts unable to bind MP1 demonstrated

dramatically reduced ERK1/2 phosphorylation following L. amazonensis infection but not

following positive control EGF treatment. This novel mechanism for localization of intracellular

L. amazonensis-mediated ERK1/2 phosphorylation required the endosomal scaffold protein MP1

and localized to L. amazonensis parasitophorous vacuoles. Understanding how L. amazonensis
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parasites hijack host cell scaffold proteins to modulate signaling cascades provides targets for

antiprotozoal drug development.
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1. Introduction

Leishmania spp. cause an array of clinical disease from localized cutaneous lesions to fatal,

visceralizing disease. These parasites reside within parasitophorous vacuoles (PV) or late

endosomal/lysosomal compartments, which usually serve as a site of pathogen degradation.

L. amazonensis amastigotes are able to persist within these compartments and to date, the

mechanisms of how this occurs have not been well-defined. Most studies have focused on

understanding Leishmania parasite-host interactions and the alteration in host signaling

pathways upon initial entry. However, little is known regarding modulation of host signaling

pathways by established parasites within PV.

Endocytic-pathway internalization of receptors upon ligand binding is a common regulatory

mechanism for receptor desensitization used by receptor tyrosine kinases (RTK) and G-

protein coupled receptors [1]. Although this process was initially thought to promote signal

attenuation, presence of activated epidermal factor receptors (EGFR) and downstream

effectors on endosome surfaces suggested the possibility of signaling from the endocytic

pathway [2]. The concept of endosomes as signaling platforms for a variety of receptors has

since been strengthened by subsequent studies showing signal attenuation during inhibition

of endocytosis or subcellular mislocalization of endosomes [3–5]. Scaffold proteins provide

sites for the formation of signaling complexes, enhance signal transduction, and provide

specific sub-cellular localization [6].

Signaling cascades rely on scaffolding complexes to provide a structure that ensures

substrate interaction with their cognate signaling molecules in a temporally and

geographically controlled manner [7]. Activation of the mitogen activated protein (MAP)

extracellular regulated kinase (ERK) pathway from subcellular locations, including

endosomal organelles, has been previously described [8]. Mediating this process are two

scaffolding proteins, MEK Partner (MP) 1 and MAPK organizer (MORG) 1, [9, 10]. MP1

contains a proline-rich motif, which has a docking site for MEK1/2 [9]. Once scaffold

bound, MEK1/2 phosphorylation of ERK1/2 is augmented. Limited overexpression of MP1

leads to increased ERK1/2 activity, while down-regulation of MP1 leads to reduced ERK1/2

activity [6], demonstrating the importance of MP1 in the magnitude of ERK1/2

phosphorylation.

We have previously shown that L. amazonensis promastigotes mediate ERK1/2 activation

hours after infection once the parasite was internalized and within a phagosome [11]. We

sought to determine how L. amazonensis triggers ERK1/2 phosphorylation from within the

parasitophorous vacuole, a phagosome-derived compartment. Based on the role of MP1 and

MORG1 in regulating ERK1/2 phosphorylation from late endosomal compartments, we
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tested the hypothesis that these scaffolding molecules were involved in L. amazonensis-

mediated ERK1/2 phosphorylation. L. amazonensis-dependent ERK1/2 phosphorylation was

actively mediated by the parasite, as heat-killed organisms were unable to mediate ERK1/2

activation. Moreover, parasites were found within late endosomal compartments,

characterized by association with LAMP2. These L. amazonensis-containing organelles co-

localized with scaffold proteins MP1 and MORG1, previously demonstrated to serve as

ERK1/2 scaffolds for endosomal activation. This did not occur in BMDC infected with L.

major. Through the use of a mutant fibroblast cell line in which MEK cannot bind to MP1,

we demonstrated that L. amazonensis-meditated ERK activation was completely abrogated

in cells unable to bind MEK to MP1. MP1 and MEK co-localization did not occur in L.

amazonensis-infected mutant fibroblasts. Here we describe a novel Leishmania-dependent

mechanism of host signal modulation from the phagolysosomal compartment, mediated by

host cell MAP kinase ERK1/2 scaffolding proteins MORG1 and MP1.

2. Materials and methods

2.1. Bone marrow-derived dendritic cells (BMDC)

BMDC were cultured from C3H/HeJ mice in the presence of 10 ng/ml of murine

granulocyte-macrophage colony-stimulating factor (PeproTech Inc., Rocky Hill, NJ) as

previously described (Lutz et al., 1999). At day 10 of culture BMDC were harvested for use

and approximately 90% of the cells were positive for the DC marker CD11c as analyzed via

flow cytometry.

2.2. Mouse embryonic fibroblasts (MEF)

Fibroblasts derived from MEK1−/− mouse embryos from 129Sv/Ev mice (provided by Jean

Charron, Université Laval, Quebec, Canada, [12]) were reconstituted with wild type or

L274S MEK1 [13] rat MEK1 using the Flp-In system (Invitrogen). Clones expressing

exogenous MEK1 at levels comparable to endogenous MEK1 in fibroblasts derived from

wild type littermate animals were chosen for further study (supplemental Fig. 1). The L274S

MEK1 mutant contains a leucine to serine change in the proline-rich sequence of MEK

resulting in abrogation of MEK1 binding to MP1 [13]. These cells are hereafter referred to

as “WT” and “LS” cells. WT and LS cells were cultured in vitro with 0.1% Hygromycin in

DMEM (Gibco) supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals,

Lawrenceville, GA).

2.3. Parasite culture, infection and treatments

Culture of L. amazonensis (MHOM/BR/00/LTB0016) parasites was performed as

previously described [14]. For in vitro promastigote experiments, stationary phase L.

amazonensis promastigotes were used. Where indicated, parasites were labeled with

CellTracker Orange CMRA (Invitrogen, Carlsbad, CA). Parasites in PBS were incubated

with 0.1 uM solution of CellTracker Orange CMRA dye for 15 minutes at room

temperature, washed, and re-suspended in PBS. For heat-killed experiments, L. amazonensis

promastigotes were diluted to the desired concentration and then incubated at 65 °C for 1

hour and placed on ice for at least 20 minutes prior to use. Where indicated, BMDC were

treated with Pertussis toxin (100 ng/ml) (Calbiochem, San Diego, CA), and washed
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immediately prior to infection. After infection, coverslips seeded into parallel cultures were

removed and counted for PTX treated vs. mock treated cells infected with L. amazonensis,

indicating that PXT treatment of cells in this way did not interfere with parasite infection.

BMDC, WT and LS cells were incubated at 34 °C, 5% CO2 and infected with L.

amazonensis promastigotes at a parasite to cell ratio of 3:1.

2.4. Immunoblot

To make whole cell lysates, 3 × 106 BMDC or fibroblasts were re-suspended in 400 μl of 1x

cell lysis buffer (Cell Signaling Technologies, Beverly, MA), supplemented with 1mM

phenylmethylsulphonyl fluoride (PMSF) and a protease inhibitor cocktail (Roche,

Indianapolis, IN) immediately prior to use. Samples were incubated on ice for 15 min and

then centrifuged at 16,000 × g for 10 min at 4 °C. Supernatants were collected as whole cell

lysates and stored at −80 °C until further use. Protein content of all cell extracts was

determined via BCA protein assay (Pierce, Rockford, IL) according to manufacturer’s

recommendations, and all samples were normalized to 1 mg/ml using distilled water.

Samples (20–30 μg of protein) were denatured in 1x loading buffer and electrophoresis was

performed on a 12% SDS- PAGE gel. Gels were blotted onto polyvinylidene fluoride

membranes (PVDF), blocked with 5% bovine serum albumin, and probed with antibodies

specific for phospho-ERK, total-ERK1/2 (1:1000) (Cell Signaling, Beverly, MA) and β-

actin (1:5,000) (Sigma, St. Louis, MO). Signal was detected with horseradish-peroxidase

(HRP)-conjugated goat anti rabbit antibody (1:20,000) (Jackson, West Grove, PA) using

West chemiluminescent substrate (Pierce, Rockford, IL) and exposed to autoradiography

film (MidSci, St. Louis, MO).

2.5. Immunofluorescence analysis

1×106 BMDC were plated onto glass tissue cover slips. BMDC were infected with

CellTracker Orange CMRA-labeled L. amazonensis promastigotes at a MOI of 3:1 and

incubated at 34 °C with 5% CO2. Coverslips were harvested and fixed with 4%

paraformaldehyde in phosphate buffered saline (PBS). BMDC were permeabilized with

0.1% saponin in PBS. Coverslips were incubated with rabbit anti-MP1 (Santa Cruz

Biotechnology), rabbit anti-MORG1 (Serotec), rabbit anti-pERK1/2 (Cell Signaling,

Beverly, MA), and rabbit anti-LAMP2 (eBiosciences) at a 1:100 dilution in 0.1% saponin.

After incubation, cover slips were washed and incubated with rabbit anti-mouse Cy2-

conjugated antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) at a 1:200

dilution in 0.1% saponin. BMDC were counter-stained with DAPI according to

manufacturer’s instructions (Molecular Probes, Eugene, OR), mounted using MOWIOL

(Calbiochem, La Jolla, CA) and viewed using an Olympus IX71 inverted epifluorescence

scope (Olympus America Inc., Center Valley, PA). Co-localization analyses were carried

out using MacBiophotonics ImageJ software and confirmed by sequential scanning confocal

microscopy using an Olympus IX81 inverted scope. For WT and LS MEF cell experiments,

cells were infected and processed similar to BMDC. After incubation with primary

antibodies as above, coverslips were washed and incubated with anti-donkey AlexaFluor

488, 594, and 680 (Life Technologies, CA) at 1:200. Fibroblasts were counterstained and

mounted with hardmount DAPI, Vectashield, (Vector Laboratories, Burlingame, CA) and
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analyzed using a Leica Confocal Scope (TCS SP5 X (Leica Microsystems, Exton, PA) and

analyzed via the Leica Application Suite Software (Leica Microsystems, Exton, PA).

2.6. Acquisition and processing of images

In addition to primary acquisition by the Leica and Olympus software, images were

converted to Adobe Photoshop CS3. Brightness and contrast were improved for

visualization in print form and figures arranged in GraphPad Prism 5 as appropriate and

Photoshop CS3, exported as tiff files.

2.7. Ethics Statement

All animal experiments were approved by the Iowa State University IACUC (log number

3-06-6071-M).

2.8. Statistical analysis

Statistical significances were analyzed using Prism4 (Graph Pad Software Inc., La Jolla,

CA). Differences between groups were determined using Student’s t-tests or one-way

ANOVA. P-values below 0.05 were considered statistically significant.

3. Results

3.1. Live L. amazonensis promastigotes required for ERK phosphorylation

Previous studies have shown that multiple signaling events appear to be triggered by

Leishmania internalization, but are not necessarily triggered by the parasite itself [15, 16].

We wanted to demonstrate that ERK1/2 phosphorylation observed after L. amazonensis

infection was an active, parasite-mediated, response and not a normal response to particle

internalization. To test this we treated bone marrow-derived dendritic cells (BMDC) with

either live or heat-killed L. amazonensis promastigotes and collected lysates at the indicated

time points (Fig. 1) and measured ERK1/2 phosphorylation using western blot. Live L.

amazonensis promastigotes resulted in significantly increased ERK1/2 phosphorylation as

compared to heat-killed parasites (Fig. 1), supporting our hypothesis of a parasite-driven

event rather than a response to internalization of parasite material.

3.2. L. amazonensis in late endosomal compartments and developmental progression to
amastigotes

It has previously been shown that upon phagocytosis, Leishmania promastigotes were

contained within a double membrane-bound parasitophorous vacuole (PV) [17]. In DC,

newly-formed, Leishmania-containing phagosomes rapidly acquired late-endosomal markers

including LAMP-1 and -2 [18]. During this time promastigotes transformed into

amastigotes. Based on this information, we wanted to determine the compartment and

parasite developmental stage that corresponded with ERK1/2 phosphorylation. We infected

BMDC with fluorescently labeled L. amazonensis promastigotes and harvested cells on

coverslips at 2, 3 and 4 hours post-infection. We evaluated the phagosomal compartment via

LAMP-2 immunolabeling and epifluorescent microscopy. L. amazonensis parasites were

found within compartments that tightly delineated the shape of the parasite (Fig. 2A, first

panel). Green, punctate staining indicated presence of LAMP-2 (Fig. 2A, second panel) on
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the surface of this compartment. These data confirm previous findings indicating that PV

maturation occurs within 1 hour of infection into a LAMP-2 positive, late endosomal/

phagosomal compartment [18].

Previously we described that although ERK activation in DC occurred rapidly after exposure

to L. amazonensis amastigotes (seconds to minutes), we found peak ERK activation after

exposure of L. amazonensis promastigotes to DC occurred three to five hours post-exposure

[11]. Although New World species of Leishmania take several days to transform from

promastigotes to amastigotes, others have found that L. amazonensis transforms relatively

quickly [15]. To further characterize parasite development within infected BMDC, we

sought to determine the percentage of promastigotes and amastigotes before (2hr post-

infection) and during ERK1/2 activation (4hr post-infection). L. amazonensis-infected

BMDC cultured on coverslips were harvested 2 and 4 hours post-infection and analyzed via

light microscopy. Promastigotes and amastigotes were differentiated based on morphology,

presence or absence of a flagellum, and size. As expected, while promastigotes

predominated within infected cells at 2 hours post-infection, there was a significant increase

in the number of intracellular amastigotes by 4 hours post-infection (Fig. 2B). These data

suggest that at the time of observed ERK1/2 phosphorylation, L. amazonensis parasites were

found within late endosomal/lysosomal compartments, and were undergoing expected

transformation into amastigotes.

3.3. Intracellular-phosphorylated ERK co-localizes with L. amazonensis

We have previously shown that L. amazonensis promastigote-infected BMDC had

significant and robust ERK1/2 phosphorylation 3–4hr post-infection as compared to mock-

treated or L. major-infected BMDC [11]. In addition, we demonstrated that at this time,

parasites were within late endosomal compartments (Fig. 2A). Based on these findings, we

hypothesized that L. amazonensis-mediated ERK1/2 activation may localize to this

compartment. To test this hypothesis we infected BMDC with fluorescently-labeled L.

amazonensis promastigotes and identified the location of phosphorylated ERK1/2 using

intracellular immunofluorescence analysis and sequential scanning confocal microscopy.

Green cytosolic staining indicated phospho-ERK1/2 in close apposition with parasites

within BMDC (Fig. 3A). Immunofluorescence particle co-localization analysis showed that

phospho-ERK1/2 co-localized with L. amazonensis promastigotes (red) at three hours post-

infection (Fig. 3A, fourth panel), this also occurs at two and four hours post-infection (data

not shown). These data corroborate our previous hypotheses indicating L. amazonensis-

mediated ERK1/2 phosphorylation occurred from intracellular, parasite-containing,

compartments.

3.4. Scaffold proteins MP1 and MORG1 associated with L. amazonensis-containing
organelles

MP1 and MORG1 are structural proteins shown to serve as a scaffold for ERK1/2

phosphorylation on the surface of late endosomal compartments [9, 10]. While MP1 directly

connects to late endosomes via heterodimerization with p14, MORG1 can only join the

scaffold complex on late endosomes through a direct interaction with MP1 [10, 19]. As

phospho-ERK1/2 co-localized with intracellular L. amazonensis parasites within late
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endosomal compartments, we hypothesized that these scaffold proteins may help tether

ERK1/2 to parasite-containing late-endosomes for activation by MEK1/2. We again utilized

BMDC infection with fluorescently labeled L. amazonensis and sequential scanning

confocal microscopy to determine association between MORG1, MP1 and parasite-

containing compartments. We found a cytosolic distribution for MORG1 co-localized with

intracellular parasites (Fig. 4A). We similarly found that MP1 co-localized with L.

amazonensis (Fig. 4B). This immunofluorescent labeling was shown to be host-MP1 or

MORG1 specific and not due to specific or non-specific labeling of the parasite

(supplemental Fig. 1) MORG1 and MP1 were associated with intracellular L. amazonensis

and may mediate observed L. amazonensis-dependent activation of ERK1/2.

3.5. G protein-coupled receptor upstream of L. amazonensis-dependent ERK1/2
phosphorylation

Little is known regarding regulation and recruitment of MP1 or MORG1 to late endosomal

compartments. However, of the two, MORG1 appears to show more selectivity as it is only

recruited to endosomal ERK1/2-phosphorylation scaffolds after G protein-coupled receptor

(GPCR) activation [1]. To determine whether GPCR activation was required for L.

amazonensis-mediated ERK1/2 phosphorylation, perhaps correlating with MORG1

localization to the signaling scaffold, we pre-treated BMDC with Pertussis toxin (PTX),

which binds to the alpha subunit of Gα-i/o subfamily of G proteins and prevents their

activation. When BMDC were pre-treated with PTX and then infected with L. amazonensis

promastigotes, we observed a significant decrease in ERK1/2 phosphorylation as compared

to untreated, infected cells (Fig. 5). PTX treatment did not decrease parasite infection in

these cells (data not shown). These data suggest that activation of the Gα-i/o subfamily was

involved in mediating enhanced L. amazonensis-dependent ERK1/2 activation, possibly

through recruitment of MORG1 to late endosomal compartments.

3.6. L. amazonensis-mediated ERK activation requires MP1-MEK binding

Co-localization of MORG1 and MP1 at the surface of L. amazonensis PV corresponding to

ERK1/2 phosphorylation suggested that this scaffold was needed for L. amazonensis-

mediated ERK phosphorylation from the PV. We wanted to determine if MP1-MEK binding

was required for parasite-mediated ERK phosphorylation. We infected LS cells, in which

MEK1 lacks the ability to interact and bind to MP1 (supplemental Fig. 2) and assessed the

level of ERK phosphorylation at 2 and 4 hours post-L. amazonensis infection. The absence

of MP1-MEK interaction resulted in significantly reduced ERK1/2 phosphorylation

following L. amazonensis infection of LS cells as measured via western blot (Fig. 6A and B)

when compared to WT cells. To confirm that abrogation of ERK1/2 phosphorylation was

specific to endosomal, MP1-mediated signaling and did not affect ERK1/2 signaling from

other cellular locations, we stimulated LS and WT cells with epidermal growth factor

(EGF). EGF triggers plasma membrane-localized ERK1/2 phosphorylation, independent of

MP1-based scaffolds [20]. EGF treatment resulted in similar ERK phosphorylation between

LS and WT cells (Fig. 6C). These findings indicate that MP1-MEK interaction is required

for L. amazonensis-mediated ERK1/2 phosphorylation

Boggiatto et al. Page 7

Microbes Infect. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3.7. L. amazonensis/MP1/p-MEK1/2 colocalization lacking in LS Mutant cells

Cellular scaffolds are critical for bolstering both signal amplitude and signal location. We

have demonstrated that the MP1-scaffold is important for the presence and amplitude of L.

amazonensis-mediated ERK1/2 phosphorylation. We additionally wanted to assess the level

of MP1/MEK/L. amazonensis interaction following L. amazonensis promastigote infection

of LS cells. Immunofluorescence and confocal microscopy were performed to identify the

location of MP1, MEK, and parasite nuclei. At four hours post-infection we observed

significantly more phospho-MEK in WT cells compared to LS cells (Fig. 6D, second panel).

Co-localization of MP1 and phospho-MEK was observed in WT and not in LS (mutant)

cells (Fig. 6E). Number of cells with red and green signal in the same space (p-MEK and

MP1) were counted at 100x magnification for both WT and LS cells, using three coverslips,

300 cells per coverslip, for a total of 900 cells counted per time post-infection, for both 2

and 4 hours post L. amazonensis infection. Significantly more WT cells had overlapping

signal as compared to LS cells at both times points, although more pronounced by 4h post-

infection (Fig. 6F). Z-stack analysis showed colocalization of parasite nuclei with MP1 and

p-MEK activation (Supplemental fig. 3,4). Together these findings demonstrate that

following L. amazonensis infection, MP1-MEK interaction is required for endosomal MEK

phosphorylation and parasite localization to the MP1 scaffold with subsequent downstream

robust phosphorylation of ERK1/2.

Discussion

L. amazonensis modulates DC maturation through activation of ERK1/2 [11], altering a

critical step for promotion of a T helper 1 immune response and clearance of L. amazonensis

infection [21–23]. It was previously unknown if L. amazonensis-mediated ERK1/2

phosphorylation was an active process by the parasite or produced by cell entry via

phagocytosis. Treatment of BMDC with heat-killed L. amazonensis promastigotes resulted

in significantly decreased ERK1/2 phosphorylation compared to BMDC treated with live

parasites (Fig. 1), indicating that ERK1/2 phosphorylation was dependent on viable,

intracellular L. amazonensis parasites. Due to the delay in ERK1/2 phosphorylation, and the

predominance of amastigotes at the time points corresponding to ERK1/2 phosphorylation

(Fig. 2), we propose that it is the amastigote form of the parasite that is responsible for

initiating this signaling cascade. Amastigotes have been previously shown to alter host cell

processes, including signaling, to establish infection and persist within the phagolysosome

[24]. Further studies are required to determine the identity of putative amastigote factors that

may meditate ERK1/2 phosphorylation.

We and others have previously reported activation of MAP kinase ERK1/2 during L.

amazonensis infection [11, 25], which we showed did not occur after L. major infection of

BMDC. In this manuscript we show co-localization of phosphorylated ERK1/2 with

intracellular L. amazonensis (Fig. 3A and B), suggesting activation of this signaling cascade

from the membrane of an intracellular vesicle. While the plasma membrane is the canonical

site for signal transduction initiation, signaling from intracellular organelles has been

described for the MAP kinase pathway [8]. Scaffold proteins have emerged as critical

mediators in the regulation of ERK1/2 signaling from subcellular compartments. These
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molecules act by binding one or more kinases and regulating association with other kinases

or substrates, enhancing their activity and specificity as well as determining specific

subcellular localization for that signaling complex [6]. MP1 and MORG1 are two such

scaffold proteins shown to mediate ERK1/2 activation from late endosomal compartments.

We show that MP1, MORG1, or both are recruited to parasite-containing organelles and

mediate phosphorylation of ERK1/2. Previous studies have shown that MORG1 is recruited

to endosomal compartments under specific conditions, specifically when G-protein coupled

receptors (GPCR) are stimulated [10]. Inhibition of MORG1 recruitment results in

decreased ERK1/2 phosphorylation following receptor stimulation, as MORG1 functions to

enhance activation of this kinase from late endosomal compartments [10]. Treatment of L.

amazonensis-infected BMDC with Pertussis toxin (PTX), a known Gαi/o subunit inhibitor,

led to a decrease in ERK1/2 phosphorylation as compared to non-treated cells (Fig. 5). This

observation suggests a role for Gαi/o signaling and MORG1/MP1 scaffold-dependent

modulation of ERK1/2 phosphorylation following L. amazonensis infection (Fig. 7).

Given these findings, we sought to assess the role of another scaffold protein required for

endosomal ERK1/2 signaling, MP1. MEK-mutant MEF LS cells showed nearly complete

abrogation of ERK1/2 phosphorylation, indicating that interaction of MP1 with MEK1 is

essential for parasite-mediated ERK1/2 phosphorylation (Fig. 6). However, when these cells

were stimulated with epidermal growth factor (EGF), which triggers ERK1/2 signaling from

the plasma membrane, ERK1/2 phosphorylation remained intact. These findings indicate

that there is no deficiency in pan-ERK1/2 signaling (Fig. 6C) in these mutant cells. Confocal

microscopy demonstrated that in LS cells neither MP1 and phospho-MEK1/2 nor MP1 and

L. amazonensis co-localize (Fig. 6D). These data demonstrate that L. amazonensis-mediated

ERK1/2 phosphorylation requires a functional endosomal MEK1/2-MP1 scaffold for both

signal strength and location of signal to the parasitophorous vacuole.

The p14/MP1 scaffold complex was recently been shown as important for host-pathogen

interaction in a Salmonella infection model, as lack of function of this complex induced

increased bacterial replication [26]. These findings suggest that the p14/MP1 complex has a

positive role in clearing Salmonella infection. In contrast, our current and previous findings

[11], suggest that the MP1 scaffolding complex enhances maintenance of L. amazonensis

intracellular infection. It is likely, therefore, that the p14/MP1 complex may play different

roles in determining the course of infection depending on pathogen virulence. While

Salmonella results in sub-acute to acute infection, L. amazonensis persists within the host,

and must alter its environment in order to do so [27].

The p14/MP1 complex, which is present in the endosome, serves in anchoring MEK1/2 to

the late endosomal surface and augmenting the activation of ERK1/2, which is then free to

activate further downstream substrates that inhibit BMDC maturation (Fig. 7). This complex

has also has recently been shown to be part of the “ragulator” complex, comprised of p14,

p18 and MP1, necessary for activation and targeting of mTORC1 to the lysosomal surface

[28]. Activation of mTORC1 is important for regulation of autophagy during nutrient-rich

conditions [29]. It has been previously demonstrated that L. amazonensis-mediated

induction of autophagy in macrophages increases parasite load, suggesting perhaps that L.

amazonensis utilizes this pathway in other ways as well to promote its survival [30].
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Understanding whether autophagy is altered through this signaling scaffold complex during

L. amazonensis infection ia a potential additional area of study. Inhibition of the p14/MP1

scaffolding complex could lead to both reduced autophagy and reduced ERK1/2

phosphorylation in L. amazonensis-infected macrophages with subsequent increased parasite

clearance.

L. amazonensis-mediated ERK1/2 phosphorylation utilized a novel means of spatial

targeting to the endosomal surface, a scaffold formed by the modular proteins MP1,

MORG1 and likely others. Moreover, MP1/MEK1/2 interaction was required for parasite-

dependent ERK1/2 signaling at an endosomal location. We previously demonstrated that

ERK1/2 phosphorylation following L. amazonensis infection leads to impaired DC

maturation and decreased parasite removal [11, 31]. Inhibition of ERK1/2 phosphorylation

restores DC maturation in vitro and partial recovery in vivo [11]. Our findings provide a

specific, scaffold-mediated, mechanism of L. amazonensis-induced ERK1/2 signaling. This

level of target and location specificity would allow for development of drug targets that

specifically modify parasite mediated-ERK1/2 phosphorylation and enhance host immune

function and parasite clearance during L. amazonensis infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Live L. amazonensis promastigotes are required to promote phosphorylation of the
MAP kinase ERK1/2
BMDC were treated with live or heat-killed L. amazonensis promastigotes and incubated at

34 °C with 5% CO2. BMDC were harvested at the indicted time points and total cell lysates

were made. Samples were analyzed via western blot for phosphorylated and total ERK1/2.

Densitometry values were normalized to total ERK and then to non-infected controls.

Densitometry analysis of at least three different experiments and representative blot are

shown; error bars denote ±SEM.
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Figure 2. L. amazonensis parasites found within LAMP2-positive compartments where
amastigotes predominate four hours post-infection
BMDC in 24 well plates containing glass coverslips were infected with CellTracker Orange

CMRA-labeled or unlabeled L. amazonensis promastigotes. Coverslips were recovered at

indicated time points, fixed and stained. (A) Sequential scanning confocal microscopy (x60,

oil) analysis of BMDC infected with L. amazonensis (red, arrow), and intracellular LAMP2

(green) at 3 hours post-infection. Nuclear material was stained with DAPI (blue). Detailed

image of one cell from overlay. Control labeling for LAMP2 with secondary antibody only

in supplemental data. Data representative of at least three experiments. (B) Coverslips

analyzed via light microscopy (x100, oil) to stage parasites. Stage was determined by

presence or absence of flagellum and parasite diameter. Graph indicates the percentage of

cells infected by either or both forms. Representative images for both time points are shown.

Data from at least three different experiments; error bars denote ±SEM; *p≤0.05.
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Figure 3. Co-localization of L. amazonensis and intracellular phosphorylated-ERK1/2
BMDC in 24 well plates containing glass coverslips were infected with CellTracker Orange

CMRA-labeled L. amazonensis promastigotes. Sequential scanning confocal microscopy

(x60, oil) analysis of L. amazonensis (red) and intracellular phospho-ERK1/2 (green) at 3

hours post-infection. Co-localization of L. amazonensis and phospho-ERK1/2 is observed

(fourth column, areas of yellow). Data representative of images from at least three different

experiments.
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Figure 4. Co-localization of the scaffold proteins MORG1 and MP1 with L. amazonensis within
infected BMDC
BMDC were infected with CellTracker Orange CMRA-labeled L. amazonensis

promastigotes. Sequential scanning confocal microscopy (x60, oil) analysis of L.

amazonensis (red) and intracellular (A) MORG1 or (B) MP1 (green) at 3 hours post-

infection. Detailed images of one infected cell. Comparison overlay image of L. major-

infected BMDC 3 hrs post-infection shown on far right. Images indicate areas of co-

localization between parasite (arrows) and MORG1 and MP1, indicated by areas of yellow.
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Figure 5. Pertussis toxin treatment reduces L. amazonensis-dependent ERK1/2 phosphorylation
and MORG1 co-localization
BMDC were infected with L. amazonensis promastigotes and left untreated or treated with

Pertussis toxin (100 ng/ml) and incubated at 34 °C with 5% CO2. BMDC were harvested at

the indicted time points and total cell lysates were made. Samples were analyzed via western

blot for phosphorylated and total ERK1/2. Densitometry values were normalized to total

ERK and then to non-infected controls. Densitometry analysis of at least three different

experiments and representative blot are shown; error bars denote ±SEM, *p≤0.05.
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Figure 6. L. amazonensis mediated ERK1/2 phosphorylation requires the MP1 scaffold complex
located specifically at the endosome, and co-localization of MP1 and p-MEK1/2 in WT and LS
cells
Wildtype (WT) and MEK mutant fibroblasts (LS cells) were infected with L. amazonensis

parasites at the indicated time points. Whole cell lysates were collected and analyzed via

western blot for phosphorylated-ERK1/2 as well as for total ERK1/2. (A) Densitometry

analysis for at least four independent experiments. (B) Representative western blot showing

robust increase in ERK1/2 phosphorylation in L. amazonensis-infected WT cells as

compared to LS cells. (C) Representative western blot showing similar ERK

phosphorylation in LS and WT MEF cells following EGF stimulation. Error bars denote

±SD, *p≤0.05. (D) WT and LS MEF cells infected with L. amazonensis. Confocal

microscopy (x60, oil) analysis of MP1 (green), p-MEK1/2 (red), L. amazonensis and

fibroblast nuclei (DAPI, blue) at four hours post-infection. Co-localization of MP1 and p-

MEK1/2 is observed (top panel, fourth column, areas of bright orange/yellow). (E) Co-

localization of MP1 and p-MEK in WT cells. Inset is a zoom magnification showing co-

localization of MP1, p-MEK, and close proximity of L. amazonensis (blue nuclei). (F)
Counts of number of cells with co- localization of MP1 and p-MEK1/2. Values in indicate

number of cells containing co- localization events of MP1/pMEK1/2. Data is from three
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different experiments, 300 cells counted per coverslip, for a total of 900 cells counted per

timepoint.
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Figure 7. Model. Proposed Leishmania entry into BMDC with MORG1/MP1 scaffolding
complex assembly at the phagolysosome
(A) Upon uptake of L. amazonensis into a BMDC, in conjunction with Gα-i/o GPCR

signaling (blue), the parasite is housed initially within an early phagosome, typically

characterized by markers such as Rab5 and transferrin receptor (TfR). (B) As maturation

into a phagolysosome occurs, there is an increase of late endosomal markers such as

LAMP2 and Rab7. (C) At this stage, when the parasite has begun transformation into the

amastigote form, that downstream of with Gα-i/o GPCR signaling, proposed host and

parasite factors stimulate interaction between MORG1, MP1 and MEK1/2 at the

phagolysosome surface. This interaction augments L. amazonensis-mediated MEK

phosphorylation of ERK at the phagolysosome surface. This in turn allows p-ERK to

translocate to the nucleus and further activate downstream substrates which prevent

dendritic cell surface expression of CD40, production of IL-12 p40 and modulates DC

maturation, while promoting DC survival.
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