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Abstract
Infection of macrophages with Leishmania parasites does not result in the production of IL-12. In
addition, infection with Leishmania suppresses IL-12 production elicited by otherwise potent
activators of IL-12. We provide evidence that engagement of phosphatidyl inositol-3 kinase (PI3K)
signaling during Leishmania amazonensis infection leads to the prevention of IL-12 p70 production
at the level of transcription of its p40 subunit in bone marrow derived macrophages (BMDMϕ).
Inhibition of PI3K signaling with specific inhibitors of PI3K or the downstream kinase Akt, reverses
the IL-12 blockade. Although the MAP kinase ERK (p44 and p42) was transiently activated by
infection with L. amazonensis, inhibition of MEK, the kinase upstream of ERK, with PD98059, did
not reverse the blockade of IL-12. Furthermore, inhibition of the other MAP kinases JNK and p38
as well as treatment of cells with pertussis toxin that blocks G protein mediated signaling, did not
reverse the prevention of IL-12 production by Leishmania infection. Interestingly, activation of PI3K/
Akt signaling had differential effects on ERK and p38 activation. Taken together we propose that
infection of BMDMϕ with Leishmania promastigotes activates both positive and negative signaling
pathways that control IL-12 production. PI3K signaling activated by the infection is the negative
signaling pathway that prevents IL-12 production.
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1. Introduction
Approximately 12 to 15 million people are affected by leishmaniasis worldwide. This disease
can manifest as cutaneous and mucocutaneous lesions or as visceral disease. Disease
presentation depends upon multiple factors which includes the infecting Leishmania species
and undefined host characteristics. Inflammatory cells of the macrophage and dendritic cell
lineages are the primary host cells of Leishmania parasites. It is well established that the
presence of cytokines such as IL-12, IFN-γ, IL-10 and IL-4 influences the clinical course of
leishmaniasis (Reiner and Locksley, 1995, Jones et al, 1998, Belkaid et al, 2001, Kane and
Mosser, 2001). In mouse models of leishmaniasis such as C57BL/6 mice infected with L.
major where there is eventual control of the infection, the early production of IL-12 is important
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to help skew the immune response towards a TH1 type (Reiner and Locksley, 1995, Mattner
et al, 1997). In experimental infections that do not exhibit a tendency to self cure, such as
infection of C57BL/6 or BALB/c mice with L. mexicana, IL-12 has been shown to play a
limited role in promoting parasite control (Torrentera et al, 2002, Buxbaum et al, 2002).
Paradoxically though, infection of macrophages and some dendritic cells derived from most
inbred mouse strains with the promastigote form of several Leishmania species does not result
in the production of IL-12 (Reiner et al, 1994, Carrera et al, 1996, Bennet et al, 1999). This
parasite effect on IL-12 production has been confirmed by in vitro and in vivo studies as well
as by investigations in which IL-12 production was monitored at the single cell level (Belkaid
et al, 1998). In addition to the prevention of IL-12 production during infection, these parasites
also suppress infected macrophage IL-12 production in response to potent stimuli such as
lipopolysaccharide (LPS) (Carrera el al, 1996, Cameron et al, 2004). Given that IL-12 plays
an important role in the host’s control of Leishmania infections, it is imperative that the
mechanisms that these parasites employ to modulate the production of this cytokine be
completely elucidated.

IL-12 is composed of two covalently linked glycosylated chains, p40 and p35, which form the
biologically active p70 heterodimer (Trinchieri and Scott, 1999). The p35 gene is ubiquitously
expressed in most cells, whereas the p40 gene is primarily expressed by phagocytic cells,
particularly in response to microbial agents and their products. Both positive and negative
inducers of IL-12 have been described (Ma and Trinchieri, 2001). Whereas IFN-γ is a positive
inducer of IL-12, phagocytic receptor co-ligation (e.g. Fc and complement receptors),
engagement of G protein coupled receptors and IL-10 negatively regulate IL-12 production
(Waggoner et al, 2005, Marth and Kelsall, 1997, Braun and Kelsall, 2001, D’Andrea et al,
1993).

Recent studies on the intracellular events that regulate IL-12 production by macrophages have
identified the activation of phosphatidyl inositol-3 kinase (PI3K) as a signal transducer that
negatively regulates IL-12 production (Fukao et al, 2002, Martin et al, 2003, Waggoner et al,
2005). Ruhland et al, (2007) recently found that infection of macrophages with L. major, L.
pifanoi and L. amazonensis, results in the engagement and sustained activation of the PI3K/
Akt signaling pathway. The involvement of PI3K/Akt signaling in the prevention of IL-12
production by infected parasites or suppression of IL-12 production by Leishmania infected
macrophages in response to otherwise potent stimuli has not been addressed. In this study, we
provide evidence that although L. amazonensis parasites engage PI3K/Akt and MAPK
signaling pathways in bone marrow derived macrophages, it is only the activation of PI3K/Akt
which results in the prevention of IL-12 production and that inhibition of the PI3K/Akt pathway
relieves this suppression.

2. Materials and Methods
2.1 Parasites, Macrophages (BMDMϕ) and Infections

Leishmania amazonensis (MHOM/BR/77/LTB0016) promastigotes were grown in
Schneider’s Drosophila medium (GIBCO BRL, Grand Island, NY) supplemented with 10%
fetal bovine serum (Atlanta Biologicals, Lawrenceville GA) and 10μg/ml gentamicin at 23°C.
Infectivity of parasites was maintained by periodic passage through BALB/c mice as reported
previously (Soong et al, 1996). Parasites were used in the late stationary phase.

Pathogen free BALB/C or C57Bl/6 mice were obtained from the University of Florida’s
Department of Pathology. Bone marrow derived macrophages (BMDMϕ) were obtained from
mouse femurs and plated directly into 60 or 100 mm tissue culture plastic dishes (Falcon,
Becton Dickinson Labware, Franklin Lakes, NJ) at a cell density of 7.5 × 105 and 5 × 106 cells
per dish, respectively. Bone marrow cells were cultured in DMEM containing 10% fetal bovine
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serum (FBS) supplemented with 20% L929 cell-conditioned medium with a medium change
at day 5. After 7 days, BMDMϕ medium was replaced with complete DMEM (without L929
cell conditioned medium) for use in the experiments described. These studies were approved
by the Institutional Animal Care and Use Committee at the University of Florida. The murine
macrophage RAW 264.7 cell line was maintained in RPMI 1640 supplemented with 10% FBS.

To assess cytokine production by BMDMϕ in response to infection, BMDMϕ were incubated
with Leishmania promastigotes at 1:10 ratio (macrophages: parasites) and incubated at 34 °C
for 24 hours at which time the culture medium was recovered. Internalization of parasites was
microscopically confirmed. In experiments to assess the effect of inhibiting signaling
pathways, the inhibitors were added at the time of infection and left in the cultures for the
duration of the experiment. All inhibitors were initially dissolved in DMSO and diluted into
culture medium. Inhibition studies were carried out with these specific inhibitors: Akt inhibitor
IV (10μM), wortmannin (100nM), pertussis toxin (1μg/ml), JNK inhibitor II (20μM), PD
98059 (MEK inhibitor) (50μM), and SB203580 (p38 MAPK inhibitor) (20μM) (EMD
Biosciences, San Diego, CA). Control infections and treatment of resting macrophages were
set up with vehicle (DMSO). The effect of inhibitors on parasite viability was assessed by
evaluating the course of infections on coverslips.

Lipopolysaccharide from E. coli was used at a final concentration of 500ng/ml (Sigma Aldrich,
St. Louis, MO). IFN-γ was purchased from BD Biosciences (San Jose, CA) and used at a
concentration of 100U/ml. Cells that were stimulated with LPS/IFN-γ were first primed with
IFN-γ for twelve hours prior to LPS/IFN-γ treatment.

2.2 Phospho-protein Analysis
Activation of specific signaling intermediates was determined by probing of Western blots for
phosphorylated proteins. BMDMϕ plated in 100mm dishes were infected with L.
amazonensis promastigotes at a parasite to macrophage ratio of 20:1 to ensure that there was
a high percentage of infected macrophages at early times after infection. At the times indicated
in the results section, parasites were removed; cell monolayers washed twice with PBS and the
BMDMϕ were lysed directly in the plate with lysis buffer (25mM HEPES, 150 mM NaCl, 1%
Triton X-100, 1× protease inhibitor pill (1 pill/10mL) (Roche Applied Science, Indianapolis,
IN), 20 μl/mL Phosphatase Inhibitor Cocktail 1 (Sigma-Aldrich, St. Louis, MO), 20μl/mL
Phosphatase Inhibitor Cocktail 2 (Sigma), 50μM NaVO4). Protein containing lysates were then
cleared of cellular debris by centrifugation and protein concentration was determined using a
Bradford Protein Assay (BioRad, Hercules, CA). 50 μg of each sample were resolved by SDS-
PAGE electrophoresis on 12% polyacrylamide gels. Proteins were transferred to Immobilon
P membrane (Millipore, Billerica, MA) and probed with primary antibody according to the
manufacturer’s recommendations. Primary antibodies utilized included phospho-Akt (Ser
473), phospho-p38 (Thr180/Tyr182), phospho-p44/p42 (ERK) (Thr202/Tyr204), and native
p44/p42 from Cell Signaling Technology (Danvers, MA). Native Akt antibody was obtained
from BioVision (Mountain View, CA). Native p38 antibody and chicken anti-rabbit
horseradish peroxidase conjugate were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Specific protein bands were visualized using Western Lightning Chemiluminescence
reagent (Perkin Elmer, Waltham, MA). Blots were then developed on X-ray film and
densitometric analysis performed using Image J (NIH, Bethesda, MD). For densitometric
analysis, results from at least 3 separate experiments were collated.

2.3 Cytokine ELISAs
To measure cytokines secreted by BMDMϕ cultures under conditions discussed in the results
section, cell culture supernatant fluid were removed from macrophage monolayers and cleared
by centrifugation. IL-12 p70 concentrations were measured using OptEIA ELISA kits (BD
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Biosciences) according to manufacturer’s instructions. Supernatants were applied in triplicates
to 96 well plates (Nalge Nunc International, Rochester, NY), which had been pre-coated with
capture antibody (4.4 μg/ml). Plates were developed using HRP substrate solutions (BD
Biosciences) and plates were read at 450nm on a Powerwave 200 spectrophotometer (Bio-Tek,
Winooski, VT). The cytokine concentration in each sample was extrapolated from a standard
curve generated from the measured absorbance obtained from recombinant standards supplied
with the kit. The sensitivity of IL-12 p70 ELISA was 62.5 pg/ml.

2.4 Reverse Transcriptase Quantitative Polymerase Chain Reaction (rtPCR)
To determine the presence of mRNA transcripts of IL-12p40, rtPCR was performed using an
OneStep rtPCR kit (Qiagen, Valencia, CA) and TaqMan FRET probes on an iCycler Thermal
Cycler (Biorad). RNA was purified from cell lysates using RNeasy kit (Qiagen, Valencia, CA)
and 2 μg of total RNA was used in each reaction. To generate cDNA from the RNA pool, each
sample was first incubated for 30 minutes at 50°C. Forward and reverse primers for IL-12 p40
and the positive control, GAPDH (Biosource, Carlsbad, CA) were used at the manufacturer’s
recommended dilutions. Additionally, the positive control was used to determine efficiency
for each primer set. Quantitation of message was determined by an increase in fluorescence
above a threshold as TaqMan probe was incorporated into the product. The threshold cycle
(CT) obtained for each cytokine was normalized to the reference gene GAPDH message levels
using the delta Ct method (Bustin et al, 2005). Briefly, this method approximates the fold
increase in target gene expression and involves the comparison of the ratio of control gene’s
expression with the target gene’s expression between treatment groups; this method also takes
into account primer efficiency.

TaqMan probe sequence for IL-12 (Biosource) was 5’-FAM-TTC AAC ATC AAG AGC AGT
AGC AGT TCC CCT-Black Hole Quencher-3’; GAPDH TaqMan probe sequence was 5’-
FAM-CAT TCT CGG CCT TGA CTG TGC CGT-Black Hole Quencher-3’ and was
synthesized by Sigma Genosys (The Woodlands, TX). Polymerase chain reaction conditions
were as follows: 95°C for 15 minutes, and 40 cycles of 95°C (1 minute) and 60°C(1 minute)
and 68°C (1 minute). rtPCR for each sample was run in triplicates. The results presented are
the average values from at least three experiments.

2.5 Promoter Activity Assay
IL-12 p40 promoter activity was determined by nucleofecting RAW 264.7 macrophages with
an IL-12 promoter firefly luciferase construct. The pDM4300 plasmid has been previously
characterized (Murphy et al, 1995) and was the generous gift of Dr. Kenneth Murphy
(Washington University School of Medicine, St. Louis, MO). This plasmid contains 4300 bp
upstream of the transcriptional start site of the murine IL-12 p40 gene ligated into pBlueScript-
Luc (Stratagene, La Jolla, CA). Additionally, to normalize data, macrophages were co-
nucleofected with phRL-TK, a plasmid containing the Renilla luciferase gene (Promega,
Madison, WI) under control of the herpes virus thymidine kinase promoter. pDM4300 (10μg)
and phRL-TK (500ng) were nucleofected into 1 × 107 macrophages using the Nucleofector
System (Amaxa Biosystems, Gaithersburg, MD). After 24 hours, cells were infected with L.
amazonensis promastigotes at an MOI of 10 along with the appropriate inhibitors. After an
additional 24 hours, cells were harvested and luciferase activity determined utilizing the Dual
Luciferase Reporter Assay System (Promega, Madison, WI) on a 20/20n luminometer (Turner
Biosystems, Sunnyvale, CA). The activity of the plasmid was confirmed by its induction in
response to LPS and, moreover, by its synergistic induction to LPS and IFN-γ (data not shown).
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2.6 Statistics
Data are presented as the mean ± standard deviation, and data were considered significant with
the student’s T test at a P value of ≤0.05. Significance of cytokine ELISA data were analyzed
by analysis of variance.

3 Results
3.1 IL-12 is not produced after infection with Leishmania amazonensis promastigotes

Since Leishmania species and isolates differ in their interactions with macrophages (McDowell
et al, 2002), it was important to establish that infection with the L. amazonensis parasites that
was used in these experiments results in the absence of IL-12 production as well. Infections
were evaluated with late stationary stage promastigotes of L. amazonensis. After a 24 hour
infection of bone marrow derived macrophages obtained from BALB/c mice, IL-12 p70 was
assayed in the supernatant fluid. The results of ELISA assays compiled from three experiments
are shown in Figure 1a. Whereas a copious amount of IL-12 was produced when BMDMϕ
were incubated with LPS and IFN-γ, incubation of BMDMϕ with promastigotes of L.
amazonensis did not result in the production of IL-12 p70 above levels seen in supernatant
fluid from resting macrophage cultures. These infected BMDMϕ produced significantly
reduced levels of IL-12 upon incubation with LPS and IFN-γ (not shown). Similar results were
obtained with cells derived from C57BL/6 mice (not shown).

To further establish that Leishmania promastigotes do not induce IL-12 expression, analysis
of IL-12 mRNA levels by real time RT-PCR using Taqman probe was performed. IL-12 p40
mRNA levels were measured after infection and then normalized against mRNA levels of
GAPDH. Figure 1b shows the peak levels of IL-12 p40 at 12 hrs post infection. Even though
the level of IL-12 p40 mRNA was very low in resting cells and these cells did not produce
IL-12, we consistently found that IL-12 p40 mRNA levels in L. amazonensis-infected cells
were lower than the levels in uninfected cells (Figure 1b). Taken together, these observations
confirm that L. amazonensis infection of macrophages does not result in IL-12 p40 production
and consequently, no IL-12p70.

To commence evaluating the mechanisms that underlie the apparent prevention of IL-12
production upon infection with Leishmania promastigotes, we considered the role of IL-10.
Infection with complement-opsonized parasites resulted in IL-10 production, and only
minimal, if any, IL-10 was produced upon infection with unopsonized parasites (not shown).
Furthermore, prevention of IL-12 production by L. amazonensis promastigotes was not
reversed in experiments in which antibodies to IL-10 were added to BMDMϕs infections (data
not shown).

3.2 Inhibition of PI3K/Akt signaling restores IL-12 production by Leishmania-infected cells
We have previously shown that infection of RAW 264.7 macrophages with Leishmania
promastigotes activates PI3K/Akt signaling, which confers on the infected cell the capacity to
resist apoptosis (Ruhland et al, 2007). Here we show that in bone marrow derived macrophages
as well, there is sustained activation of Akt in response to infection with L. amazonensis (Figure
2a). The figure shows that Akt is phosphorylated within 15 minutes of infection and reaches a
plateau at 4 hours which is maintained throughout the first 24 hours of infection.

We next determined whether signaling through the PI3KAkt pathway is important for the
prevention of IL-12 by determining the effect of the PI3K inhibitor, wortmannin on IL-12
production by infected cells. The activity of wortmannin was confirmed by Western blot
analyses (Figure 2b), which showed that infections that were performed in the presence of
wortmannin did not result in the activation of Akt. We should acknowledge that fewer
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macrophages (~10% as compared to ~30%) were infected in the presence of wortmannin; but
the inhibition of Akt phosphorylation was likely due to the inhibition of PI3K by wortmannin
and not lower numbers of infected macrophages. It is intriguing that treating cultures with Akt
inhibitor did not have a similar inhibition of infection.

Whereas infection of BMDMϕ with Leishmania did not result in the production of IL-12,
infections that were performed in the presence of wortmannin resulted in the production of
IL-12 (Figure 2C). Even with fewer infected cells, significant levels of IL-12 were produced.
Our previous experiments had shown that suppressing Akt levels by transfection of siRNA to
all three Akt isoforms yielded comparable results to using the Akt inhibitor IV (Ruhland et al,
2007). So in these studies, Akt activity was abolished with the Akt inhibitor IV. Even greater
levels of IL-12 were produced when macrophages were infected with Leishmania
promastigotes in the presence of Akt inhibitor IV (Figure 2C). It is noteworthy that neither
wortmannin nor Akt inhibitor IV induced resting cells to produce IL-12.

Experiments were performed to determine if inhibition of PI3K/Akt signaling during the
phagocytosis of Zymosan particles would also result in IL-12 production. As Figure 2C shows,
no IL-12 was produced in response to inhibition of PI3K/Akt signaling during the phagocytosis
of Zymosan particles. Experiments with opsonized Zymosan particles yielded similar results
(not shown). The results of these later experiments suggest that signaling during Leishmania
infection is distinct from that which occurs in generic phagocytosis since internalization of
either opsonized or non-opsonized Zymosan in the presence of wortmannin or Akt inhibitor
did not lead to IL-12 production. Taken together, these studies show that the activation of PI3K/
Akt signaling upon parasite contact with and entry into macrophages inhibits signaling that
can result in IL-12 production by infected cells. Stated conversely, inhibition of PI3K/Akt
signaling relieves suppression of IL-12 production by Leishmania infected macrophages,
which results in IL-12 production by infected cells without addition of exogenous stimuli.

3.3 Inhibition of Akt activity relieves IL-12 p40 production at the level of transcription
Quantitative reverse transcriptase mediated real time PCR was utilized to determine IL-12p40
mRNA levels in resting and infected cells treated with Akt inhibitor. A Taqman FRET probe
specific for an internal sequence within the IL-12p40 gene was utilized as described in
Materials and Methods. Infections were carried out at an MOI of 10, with and without Akt
inhibitor. As Figure 3a shows, the inhibition of Akt in infected cell cultures leads to an
approximate 6 fold increase in IL-12p40 mRNA, which is statistically significant. This effect
was consistently seen at the 12 hour time point and not at earlier times (data not shown).
Addition of Akt inhibitor to resting cells has only a minimal effect on IL-12p40 mRNA levels.

Further experiments were performed with a plasmid construct containing the 4300 bp sequence
upstream of the IL-12p40 transcriptional start site that drives a firefly luciferase reporter
(Murphy et al, 1995). This promoter construct contains multiple enhancer elements, and, in
response to inflammatory stimuli such as LPS/IFN-γ, leads to significant luciferase production
(data not shown). In order to normalize results, firefly luciferase values obtained were
normalized to a constitutively expressed Renilla luciferase construct, which was co-transfected
into the cells. In these experiments, we utilized the RAW 264.7 macrophage cell line since
nucleofection of BMDMϕ resulted in very low transfection efficiencies when compared to the
cell line. As Figure 3b shows, in transfected macrophages infected with L. amazonensis there
is little change in luciferase levels, which indicates that infection results in minimal induction
of the IL-12 p40 promoter. However, treatment of infected cells with Akt inhibitor resulted in
an approximate 20 fold induction over resting levels. In comparison addition of the MEK
inhibitor PD98059 had no effect on the induction of IL-12 p40. This data taken together with
the rtPCR results, confirms that Akt acts by suppressing IL-12 p40 at the transcriptional level.
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3.4 MAPK signaling does not mediate the inhibitory effect of Leishmania amazonensis
infection on IL-12 production

We assessed the activation of MAPKs in L. amazonensis-infected cells. As Figure 4a and 4b
show, p38 and ERK are phosphorylated during infection by L. amazonensis. Although p38
phosphorylation levels fluctuate over the 24 hour infection course, the overall levels of this
signaling intermediate remain above resting levels. In contrast, the phosphorylation of ERK
seems transient: activated forms peak 1 hour post infection and then drop to resting levels.
Phophorylation of ERK was apparently mediated by the upstream kinase MEK since use of
PD98059, a MEK inhibitor, abrogated phosphorylation of ERK (Figure 4c).

We then assessed the contribution of MAPK signaling to L. amazonensis-induced suppression
of IL-12 production during infection of macrophages. The effect of widely used inhibitors of
these signaling intermediates was determined. For these studies we used: JNK inhibitor II, a
specific inhibitor of JNK; SB203580, which inhibits p38 MAPK; and PD98059 which inhibits
MEK1/2, the MAP kinase kinase that acts just upstream of ERK. Western blot analyses show
that ERK (p42 and p44) are not phosphorylated in infections performed in the presence of
PD98059 (Figure 4c). As Figure 4d shows, inhibition of p38 MAPK, MEK1/2 or JNK did not
reverse the inability of Leishmania-infected macrophages to produce IL-12.

3.5 Inhibition of IL-12 production by Leishmania-infected macrophages is not dependent on
the engagement of G protein coupled receptors (GPCRs)

We assessed whether the effect of Leishmania infection on macrophage IL-12 production was
the result of interactions with GPCRs. To address this issue, infections were performed in the
presence of varying amounts of pertussis toxin, a known inhibitor of GPCRs (Bokoch and
Gilman, 1984). Figure 4d shows that treatment with 200ng/ml pertussis toxin had little to no
effect on IL-12 production by infected cells. Although pertussis toxin treatment did not affect
IL-12 production, it reproducibly led to a small enhancement in the production of IL-10 under
these infection conditions (data not shown).

3.6 Interplay between MAP kinase and PI3K/Akt signaling in L. amazonensis infected cells
We assessed the effect of PI3K/Akt activation on MAP kinase signaling during L.
amazonensis infection. Figure 5a and 5b show the effect of Akt inhibition on the ERK and p38
pathways induced upon infection with L. amazonensis. Inhibition of Akt completely blocked
ERK phosphorylation in response to infection with L. amazonensis. Conversely, p38
phosphorylation is greatly enhanced between 4 and 8 hours after infection when Akt is blocked.
This data suggests a central role for Akt in relation to the activation of other cascades induced
upon infection with L. amazonensis.

4.0 Discussion
The decisive role of IL-12 in the development of a TH1 type immune response, which is
necessary for host control of leishmaniasis is well established (Reiner and Locksley, 1995,
Jones et al, 1998). There is however, recognition in some experimental models of leishmaniasis
that the role of this cytokine is limited (Mattner et al, 1997, Buxbaum et al, 2002, Torrentera
et al, 2002). This notwithstanding, it has been shown previously that infection with
promastigotes of most Leishmania species does not result in the production of IL-12 by
macrophages and some dendritic cells (Reiner et al, 1994, Carrera et al, 1996, Bennet et al,
2001). In light of recent studies that have implicated PI3K signaling as a negative regulator of
IL-12 production (Fukao and Koyasu, 2003, Martin et al, 2003, Waggoner et al, 2005), we
assessed whether activation of the PI3K pathway in macrophages by L. amazonensis infection
contributes to the underlying mechanism that limits IL-12 production by infected macrophages.
Activation of PI3K results in the production of lipid second messengers that in turn interact
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with several downstream kinases. One of these downstream kinases is Protein Kinase B, also
known as Akt. Here, we show that L. amazonensis infection engages PI3K/Akt signaling in
macrophages, which mediates the prevention of IL-12 production. Blocking PI3K signaling
during infection results in IL-12 production in the absence of any additional stimulus, which
would suggest that infection with these parasites engages both positive and negative IL-12
signaling pathways. Our observation that cells infected with L. amazonensis express even lower
levels of IL-12 p40 than resting cells is consistent with the observations of others (Carrera et
al, 1996). In those studies, reduction in IL-12 p40 levels was shown to be selective since mRNA
levels of other cytokines were not similarly affected by Leishmania infection. Although this
study was not designed to address the role of PI3K signaling in parasite induced suppression
of IL-12 in response to LPS stimulation, a recent study by Kuroda et al (2008) showed that in
the absence of PTEN, a negative regulator of PI3K signaling, even greater suppression of IL-12
production is achieved.

IL-12 suppression in Leishmania infections can be mediated by IL-10 (Kane and Mosser,
2001, Thomas and Buxbaum, 2008). However, it has been reported that IL-12 production is
absent in IL-10-/- mice infected with Leishmania (Carrera et al, 1996). In addition, we observed
that treatment of infected cultures with anti-IL-10 antibodies does not relieve the prevention
of IL-12 production by Leishmania infection, which is consistent with observations by others
(McDowell et al, 2002, Thomas and Buxbaum, 2008). This suggested that there is an IL-10
independent mechanism by which Leishmania parasites can prevent IL-12 production during
infection.

Evidence that infection engages the PI3K signaling pathway was demonstrated by showing an
increase in phospho-Akt levels soon after exposure of macrophages to parasites (Figure 1, and
Ruhland et al, 2007). Inhibition of PI3K signaling with a PI3K inhibitor resulted in relief of
IL-12 suppression in response to infection. Interestingly, higher levels of IL-12 were produced
when activation of Akt, a downstream kinase in the PI3K signaling pathway was blocked
(Figures 2). We interpret the finding that inhibition of Akt results in greater production of IL-12
to imply that even though parasite interactions with molecules on the macrophage surface are
sufficient to initiate PI3K signaling that can block IL-12 production, sustained Akt activation
by internalized parasites more effectively blocks processes that are modulated by PI3K/Akt
signaling.

Akt is a serine threonine kinase in the PI3K signaling pathway that is recruited to membrane
sites of phosphoinositide generation. At those membrane sites, Akt becomes anchored through
its pleckstrin homology domain and undergoes phosphorylation on Ser473 and Thr308.
Following phosphorylation, Akt is redistributed in the cytoplasm or nucleus where it can in
turn phosphorylate other substrates (Brazil et al, 2004). Some of the well characterized
substrates of Akt include: the pro-apoptotic molecule Bad that upon phosphorylation becomes
unable to promote the release of cytochrome C from the mitochondria, which therefore results
in resistance to apoptosis (Datta et al, 1997) and the nuclear transcription factor FoxO that
controls phosphorylation of p27, a regulator of progression through the cell cycle (Medema et
al, 2000). Akt has recently been shown to be activated in several tumors and as a result has
become the target of several therapeutic strategies aimed at targeting these tumors (Chen et al,
2005). With the availability of drugs against Akt for in vivo use, the observations presented
here suggest that therapeutic strategies that block Akt activation in infected subjects might be
useful in the modulation of the immune response to Leishmania. It should be noted that a
previous study of L. major infection of mice in which the p85 gene that encodes the regulatory
subunit of PI3K was deleted resulted in a lower parasite burden in infected mice and a more
resistant phenotype (Fukao et al, 2002).
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At present, we do not know which molecules are involved in the initiation of PI3K signaling
during infection. PI3K signaling can be initiated in response to the engagement of a broad range
of cell surface molecules (Deane and Fruman, 2004). Although Leishmania parasites can be
internalized by opsonin and non-opsonin dependent receptors, it is not known which of these
receptors plays a dominant role in initiating signal transduction during infection. Recent studies
have shown that some G protein coupled receptors (GPCRs) trigger PI3K signaling, through
their β and γ subunits (He et al, 2000). We assessed whether the effect of the parasite on IL-12
production was mediated by interactions with GPCRs. Pertussis toxin, which is an accepted
blocking agent of GPCRs had no effect on the prevention of IL-12 production in Leishmania
infected cells. As we noted earlier, pertussis toxin treatment had some effect on IL-10
production in infected cells. This is consistent with the findings of others (He et al, 2000). This
might be an indication that there is a differential threshold in signaling that regulates IL-10 and
IL-12 secretion during a parasite infection.

Studies in other infection systems as well as in Leishmania have considered the role of MAP
kinases in the generation of IL-12 (Feng et al, 1999, Kim et al, 2005, Mason et al, 2004). There
isn’t a clear consensus on the role of MAPK signaling in the regulation of IL-12 production.
In infections with the intracellular pathogen, Toxoplasma gondii, induction of p38 MAPK has
been shown to drive IL-12 production (Kim et al, 2005, Mason et al, 2004). This is consistent
with the observation that MAP kinase kinase 3 knockout mice are defective in IL-12 production
(Lu et al, 1999). Mice deficient in another MAP kinase, JNK, were found to have normal
capacity to produce IL-12 (Constant et al, 2000). However, it was recently shown that JNK
mediates IL-12 suppression upon engagement of GPCRs (la Sala et al, 2005). It is of interest
that in the latter study, it was shown that inhibition of ERK signaling had no effect on GPCR
inhibition of IL-12 production.

Differential activation of MAP kinase signaling, in particular ERK and p38, has been
implicated in the suppression of IL-12 production by lpg derived from L. donovani parasites
(Feng et al, 1999, Piedrafita et al, 1999). A noteworthy observation in those studies and in
studies by others was the demonstration that the MAP kinases have competing effects and that
timing of the activation of either p38 or ERK could affect the outcome of the host cell response.
We found that ERK and p38 MAP kinases are activated in macrophages soon after incubation
with L. amazonensis promastigotes. However, inhibition of MAP kinase activation with
specific inhibitors of these signaling molecules had no effect on IL-12 production by bone
marrow derived macrophages incubated with L. amazonensis promastigotes (Figure 4). One
explanation for why our studies could not establish a role for MAP kinase signaling in the
prevention of IL-12 production during L. amazonensis infection might simply be that L.
mexicana complex parasites as compared to L. donovani parasites elicit quantitatively and
qualitatively different host cell responses (McMahon-Pratt and Alexander, 2004).

We found that inhibition of Akt can profoundly affect the amplitude of MAPKs, which were
activated upon infection with L. amazonensis promastigotes. A recent report has similarly
linked activation of PI3K/Akt signaling to the suppression of p38 phosphorylation, which
results in the negative regulation of IL-12 (Yang et al, 2006). Taken together, the data from
the current study can be summarized in a putative pathway shown in Figure 6. Whereas Akt
activation promotes the downstream phosphorylation of ERK, this event has little effect on the
suppression of IL-12 p40 since blocking of ERK did not yield similar results to blocking Akt
upstream. The fact that inhibition of PI3K/Akt signaling results in IL-12 production implies
that L. amazonensis promastigote infection induces positive signaling as well, that mediates
IL-12 production. Although our studies are inconclusive on whether this positive signaling
pathway is mediated by p38, we showed that inhibition of Akt led to hyper-phosphorylated
levels of p38. Therefore, it can be said that infection initiates divergent pathways; activation
of PI3K/Akt signaling suppresses signaling that initiates IL-12 p40 transcription.
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Figure 1.
IL-12 is not produced when BMDMϕ are infected with L. amazonensis promastigote forms.
(A) BMDMϕs were incubated with late stationary L. amazonensis promastigotes. Culture
supernatant fluid was recovered after 24 hours and the presence of IL-12p70 was determined
by ELISA. IL-12 concentration in these cultures was compared to supernatant fluid obtained
from resting cultures or from cultures of BMDMϕ that were pre-incubated with IFN-γ before
stimulation with LPS. (B) mRNA levels of IL-12p40 were determined by real time PCR in
infected macrophage samples obtained after 12 hours infection. The threshold cycle (CT) of
IL-12p40 for each treatment was normalized to the CT of the reference gene GAPDH for each
treatment run in parallel. The fold change in IL-12p40 message compared to uninfected resting
macrophages was determined using the delta CT method described in Materials and Methods.
For each experiment, the resting BMDMϕ IL-12 message level was arbitrarily set to 100% (i.e.
1) and the fold change from this value for L. amazonensis infected cells was calculated. This
allowed comparisons to be made between separate experiments. These results are compiled
from 3 experiments.
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Figure 2.
L. amazonensis infection activates PI3K/Akt signaling and inhibition of components in this
pathway restores IL-12p70 production in L. amazonensis infected BMDMϕ. A) Macrophage
lysates were prepared at the indicated times after infection and then analyzed in Wesern blots
for the presence of activated Akt with anti-phospho-Akt (Ser 473). The blots were stripped and
re-probed with antibodies to native Akt. Densitometric analysis of blots from several
experiments was performed with ImageJ software and results were normalized to native protein
levels. B) Akt activation was inhibited when infection was performed in the presence of the
PI3K inhibitor wortmannin (100nM). Parallel infections were performed with vehicle and
infected cells with results similar to the data presented in Figure 2A. C) Supernatant fluid was
obtained after 24 hours from macrophage cultures that were incubated with Zymosan or
infected with L. amazonensis parasites at an MOI of 10. IL-12p70 concentrations in these
culture supernatants were determined by ELISA. Resting cells yielded similar results to vehicle
treated resting and vehicle treated infected cells. These data are compiled from three
experiments
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Figure 3.
Inhibition of Akt activation during infection with L. amazonensis relieves suppression of
IL-12p40 at the transcriptional level. (A) BMDMϕ were infected with L. amazonensis in the
presence or absence of Akt inhibitor IV and RNA was extracted at 12 hours. IL-12p40 mRNA
transcript levels were determined in macrophages by quantitative rtPCR. IL-12p40 CT values
were normalized to GAPDH CT values obtained for each treatment. Fold-induction of IL-12p40
was determined by comparing this value to that obtained for uninfected resting BMDMϕ (i.e.
resting BMDMϕ fold change = 1). (B) Activity of IL-12 promoter driven luciferase plasmid
(pDM4300) in L. amazonensis infected cells. Cells were co-nucleofected with a constitutively
expressed Renilla luciferase plasmid. Values are normalized and represented as fold induction
over resting cells and are the collation of 3 sets of experimental data. Resting cells were treated
with DMSO vehicle. (*) denotes statistical significance, which was determined by the Student’s
T test (p<0.05).
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Figure 4.
ERK and p38 MAP kinases are phosphorylated during L. amazonensis infection but inhibition
of MAPK pathways or GCPRs, does not result in IL-12p70 production by infected
BMDMϕs. Infections were performed as described in Materials and Methods and activation
of MAP kinases was determined by western blot analysis. (A) Blots were probed for
phosphorylated p38, then stripped and probed with antibodies to native p38. Densitometric
scans from 3 experiments were normalized to native p38 levels and show the profile of p38
activation.(*) denotes statistically significant differences. (B) Samples were similarly analyzed
for ERK activation. (C) Specificity of p42/p44 phosphorylation was determined when
infections were performed in the presence of PD98059, a MEK inhibitor. This treatment
completely abolishes ERK phosphorylation in response to infection. (D) BMDMϕ were
infected with L. amazonensis promastigotes in the presence of the MAP kinase pathway
inhibitors JNK inhibitor II (20μM), p38 MAPK inhibitor (SB203580, 20μM), MEK inhibitor
(PD98059, 50μM) as well as the inhibitor of GCPRs (Pertussis toxin, 200ng/ml) and Akt
inhibitor IV(10μM). Resting cells were treated with DMSO vehicle. Culture supernatants were
collected after 24 hours and assayed for IL-12p70 content by ELISA as described in Materials
and Methods.
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Figure 5.
Inhibition of Akt has opposing effects on ERK and p38 phosphorylation. Resting BMDMϕ or
those infected with L. amazonensis were incubated with or without Akt inhibitor IV and lysates
recovered at various times. Western blot analysis for (A) ERK p44/p42 phosphorylation and
(B) p38 phosphorylation are shown. Phospho-p38 levels in the presence of Akt inhibitor is
compared to the phospho-p38 without inhibitor blot shown in Figure 4a., which was run in the
same experiment (C) Quantitative densitometric analysis for phospho p38 levels was
performed with ImageJ software.
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Figure 6.
Hypothetical signal transduction scheme involving PI3K/Akt and MAP kinase signaling that
controls IL-12 production in L. amazonensis-infected macrophages. Akt activation
differentially modulates ERK and p38 activation; whereas inhibition of PI3K/Akt results in
the induction of p38, Akt inhibition suppresses ERK activation. Given that IL-12 suppression
is not relieved upon ERK inhibition, it is unlikely that ERK is directly downstream of Akt.
Although p38 is negatively regulated by Akt, its induction is independent of PI3K activation.
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