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In order to establish infection, intra-macrophage parasite Leishmania donovani needs to inhibit host defense parameters like
inflammatory cytokine production and apoptosis. In the present study, we demonstrate that the parasite achieves both by
exploiting a single host regulator AKT for modulating its downstream transcription factors, β-catenin and FOXO-1. L. donovani-
infected RAW264.7 and bone marrow-derived macrophages (BMDM) treated with AKT inhibitor or dominant negative AKT
constructs showed decreased anti-inflammatory cytokine production and increased host cell apoptosis resulting in reduced
parasite survival. Infection-induced activated AKT triggered phosphorylation-mediated deactivation of its downstream target,
GSK-3β. Inactivated GSK-3β, in turn, could no longer sequester cytosolic β-catenin, an anti-apoptotic transcriptional regulator, as
evidenced from its nuclear translocation during infection. Constitutively active GSK-3β-transfected L. donovani-infected cells
mimicked the effects of AKT inhibition and siRNA-mediated silencing of β-catenin led to disruption of mitochondrial potential
along with increased caspase-3 activity and IL-12 production leading to decreased parasite survival. In addition to activating anti-
apoptotic β-catenin, phospho-AKT inhibits activation of FOXO-1, a pro-apoptotic transcriptional regulator. Nuclear retention of
FOXO-1, inhibited during infection, was reversed when infected cells were transfected with dominant negative AKT constructs.
Overexpression of FOXO-1 in infected macrophages not only documented increased apoptosis but promoted enhanced TLR4
expression and NF-κB activity along with an increase in IL-1β and decrease in IL-10 secretion. In vivo administration of AKT
inhibitor significantly decreased liver and spleen parasite burden and switched cytokine balance in favor of host. In contrast,
GSK-3β inhibitor did not result in any significant change in infectivity parameters. Collectively our findings revealed that
L. donovani triggered AKT activation to regulate GSK-3β/β-catenin/FOXO-1 axis, thus ensuring inhibition of both host cell
apoptosis and immune response essential for its intra-macrophage survival.
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Leishmania, an intracellular protozoan parasite, resides within
the macrophages by neutralizing parasiticidal effector
mechanisms.1 A further challenge is to save its niche because
when macrophages fail to eliminate the pathogens, they
sacrifice themselves by means of initiating apoptosis.2 To
understand the roles of these parameters, work have been
done individually on either regulation of host cell apoptosis or
immune activation during infection. But the diversifying knowl-
edge of cell signaling network indicates the existence of several
regulators known to have multiple roles thereby simultaneously
modulating different interrelated parameters. We thought it
worthwhile to investigate whether Leishmania could be able to
manipulate both host cell apoptosis and immune balance by
exploiting one such host regulatory protein.
AKT signaling is known to have vital roles in cell growth,

survival, apoptosis and immune regulation.3 Earlier studies in
bone marrow-derived dendritic cells (DC) showed that AKT
pathway is crucial for parasite survival4 and also for inhibition

of host cell apoptosis.5 Exploiting AKT pathway to inhibit host
cell apoptosis has also been documented during infection with
Salmonella, Anaplasma, Toxoplasma and Trypanosome.6,7

Host immune activation essential to eliminate intracellular
pathogens is also negatively modulated by AKT8 and
constitutively active AKT was shown to increase the LPS-
induced production of anti-inflammatory cytokine IL-10 (ref 9)
and to down-regulate p65 and GSK-3β (ref 10). Two major
proteins which contribute in diversifying AKT signaling are
β-catenin and FOXO-1. β-catenin, a member of the Wnt
signaling cascade, has a central role in transmission of
peripheral signals to the nucleus. However, recent evidences
suggest a role ofWnt independent regulation of β-catenin in an
AKT dependent manner.11 AKT inactivates GSK-3β,12 which
in turn leads to stabilization and nuclear translocation of
β-catenin13 where it interacts with Tcf/Lef transcription factors
to activate target anti-apoptotic genes such as Bcl-2, c-myc
and cyclin D1 (ref 14). Overexpression of β-catenin has been
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shown to reduce apoptosis which is similar to the protection
provided by inhibitors of GSK-3β15 and accumulation of
β-catenin in response to GSK-3β inhibitors has been
correlated with an increase in the expression of the anti-
apoptotic proteins.16 FOXO-1 is a member of the Forkhead
family of transcription factors, which after phosphorylation by
AKT is known to get inactivated and translocated to the cytosol
from nucleus.17 Activated FOXO-1, on the other hand induce
apoptosis by inducing various pro-apoptotic members of
mitochondria-targeting proteins.18 These regulators also have
important roles in immune regulation. Sporadic evidences
indicate that β-catenin inhibits inflammation in a GSK-3β-
dependent manner whereas FOXO-1 has also been impli-
cated in regulation of pro-inflammatory responses.18–20 By
using constitutively active FOXO-1, its importance was shown

in regulating the inflammatory responses both in the context of
LPS induction or free fatty acid administration.19 Moreover,
administration of siRNA targeting FOXO-1 resulted in
decreased inflammatory responses in H. influenzae
infection.20 β-catenin limits NF-κB mediated inflammatory
responses in both Salmonella infection and TNF-α treatment
by stabilizing Iκβ.21 We, therefore, were interested to
determine whether these two downstream effector molecules
of AKT are modulated by infection. The present paper
demonstrates a mechanistic insight into how by exploiting a
single host protein AKT, Leishmania inhibits both pro-
inflammatory response and host cell apoptosis by activating
β-catenin through inhibition of GSK-3β on one hand and
inactivating FOXO-1 on the other hand. Overall, this work
highlights the importance of AKT/GSK-3β/β-catenin/FOXO-1

Figure 1 Role of AKT in L. donovani infection. (a–d) RAW264.7 cells (2 × 106) were treated with either AKTi (10 μM) for 1 h or transiently transfected with WT- or DN-AKT
expression plasmids for 24 h. Both these macrophages were then infected with L. donovani promastigotes (macrophage:parasite ratio, 1:10) for 24 h. Expression of GFP in
transfected cells were detected by Western blotting (a) and intracellular parasite number (b) were determined by DAPI staining whereas levels of IL-10 (c) and IL-12 (d) were
measured by ELISA. (e and f) Both RAW264.7 (e) and BMDM (f) were infected with L. donovani promastigotes for different time periods as indicated. Levels of phosphorylated
and total AKT were then detected by Western Blotting. (g–j) RAW cells were treated with AKTi for 1 h, infected with L. donovani promastigotes for 6 h and then treated with
400 μM H2O2 for 1 h. These cells were analyzed for the extent of apoptosis by annexin V-tagged FITC-DAPI flow cytometry after washing and incubation for 24 h at 37 °C
(g and h). Dual parameter dot plot of FITC fluorescence (x axis) versus DAPI fluorescence (y axis) is represented as logarithmic fluorescence intensity. Quadrants are as follows:
upper left, necrotic cells; lower left, live cells; lower right, apoptotic cells; upper right, necrotic or late phase of apoptotic cells. After washing, whole cell lysate of these cells (10 μg
of protein per sample) were used to determine caspase-3 activity using Ac-DEVDpNA as substrate (i). Mitochondrial integrity was measured in these AKTi treated infected-H2O2

treated cells after incubation with DiOC6 (40 nM) for an additional 30 min (j). (k) RAW264.7 cells were transiently transfected with either WT- or DN-AKT expression plasmids,
infected with L. donovani promastigotes for 6 h and then treated with H2O2 (400 μM) for 1 h. DNA fragmentation profile was analyzed by agarose gel electrophoresis.(l) A
representative surface plot analyzed by using ImageJ software indicates the extent of fragmentation. All experiments were repeated at least three times each and one set of
representative data is shown. Bands were analyzed densitometrically and bar graphs expressing arbitrary densitometric units are presented adjacent to corresponding western
blots. Error bars represent mean± S.D., n= 3.**Po0.01, ***Po0.001; Student's t-test
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pathway in Leishmania-mediated anti-inflammatory and anti-
apoptotic responses.

Results

Role of AKT on intracellular survival of L. donovani. In
order to determine the effect of AKT pathway on parasite
survival, macrophages were treated with AKT inhibitor, AKTi or
GFP-tagged dominant negative construct (DN-AKT) prior to
infection and intracellular parasite count was determined.
Transfection efficiency was determined by the expression of
GFP in whole cell lysates of transfected cells (Figure 1a).
Inhibition of AKT led to significantly reduced parasite survival
(57.4 and 66.3% reduction for AKTi and DN-AKT, respectively,
compared with infected control, Po0.001; Figure 1b). Inhibi-
tion of AKT also resulted in significant reduction of IL-10 (73.4
and 86.8% for AKTi and DN-AKT, respectively, Po0.001;
Figure 1c) with simultaneous up-regulation of IL-12 (4.3- and
5.2-fold for AKTi and DN-AKT, Po0.001; Figure 1d) compared
wth infected control. Phosphorylation kinetics using specific
antibodies (Ser473/Thr308) revealed infection-induced activation

of AKT with maximum level of phosphorylation at 6 h post
infection (3.2- and 2.9-fold over control for Ser473 and Thr308,
respectively, Po0.001; Figure 1e). Similar results were
obtained for infected BMDM (Figure 1f). Next to study host
cell apoptosis, control and 6 h infected RAW264.7 cells were
subjected to H2O2 (400 μM) treatment for 1 h and apoptosis
was measured by flow cytometric analysis. Compared with
H2O2 control (62.5±5.7% annexin V positive cells), infected
H2O2-treated macrophages showed significantly decreased
apoptosis (7.5±0.8% annexin V positive cells; Figure 1g). On
the contrary, treatment with AKTi prior to infection and H2O2

treatment resulted in increased apoptosis (5.2-fold, Po0.01;
Figure 1g), caspase-3 activity (2.9-fold, Po0.01; Figure 1i) and
mitochondrial membrane potential (4.6-fold, Po0.001;
Figure 1j) over H2O2-treated infected cells. Genomic DNA
fragmentation assay in DN-AKT transfected and infected
H2O2-treated cells revealed higher DNA fragmentation com-
pared with WT-AKT transfected cells (Figure 1k). A represen-
tative surface plot of the gel shows the extent of fragmentation
where peaks correspond to the fragments of the genomic DNA
whereas plateau denotes the integrity of the genomic DNA
(Figure 1l). All these results suggest that activation of AKT

Figure 2 Role of GSK-3β in L. donovani infection. (a and b) Both RAW264.7 (a) and BMDM (b) were infected with L. donovani promastigotes (macrophage:parasite ratio,
1:10) for different time periods as indicated. Levels of phosphorylated and total GSK-3β were then detected by Western Blotting. (c) Cell lysates were prepared from AKTi treated
or WT- or DN-AKT transfected infected cells and levels of phosphorylated and total GSK-3β were detected by immunoblotting. (d–h) RAW264.7 cells were either treated with
SB216763 (20 μM) for 1 h or transfected with WT- or CA-GSK-3β expression plasmids, infected with L. donovani promastigotes for 6 h and then treated with 400 μMH2O2 for 1 h.
Expression of Hemagglutinin (HA) in whole cell lysates were analyzed in transfected cells by Western blotting (d). Similarly, transfected cells were analyzed for the extent of
apoptosis by annexin V-tagged FITC-DAPI flow cytometry (e and f), caspase-3 activity using Ac-DEVDpNA as substrate (g) and mitochondrial integrity after incubation with
DiOC6 (40 nM) (h) as described in the legend of Figure 1. (i–k) Macrophages were treated with SB216763 or transfected with WT-or CA-GSK-3β expression plasmids, infected
with L. donovani promastigotes for 24 h and processed for determination of either IL-10 (i) and IL-12 (j) by ELISA or checked for parasite survival (k). All experiments were
repeated at least three times each and one set of representative data is shown. Bands were analyzed densitometrically and bar graphs expressing arbitrary densitometric units
are presented adjacent to corresponding western blots. Error bars represent mean± S.D., n= 3. NS, non-significant, **Po0.01, ***Po0.001; Student's t-test
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signaling helps L. donovani to shift cytokine balance from pro-
to anti-inflammatory response and to inhibit host cell apoptosis
thereby aiding its survival within the macrophages.

Role of AKT-Mediated GSK-3β inactivation in L. donovani
infection. Since GSK-3β is one of the important targets of
activated AKT and has been implicated in regulating
apoptosis and inflammatory responses,22,23 we wanted to
ascertain the role of GSK-3β in infection. Kinetic analysis with
p-GSK-3βSer9 antibodies documented that like AKT, max-
imum phosphorylation (3.4-fold over control, Po0.001) and
thereby inhibition of GSK-3β was observed at 6 h post
infection (Figure 2a). BMDM also showed similar trend
(Figure 2b). Moreover, macrophages inhibited with DN-AKT
or AKTi followed by 6 h of infection showed a decrease in
GSK-3β phosphorylation (58.1 and 59.3% reduction for AKTi
and DN-AKT, respectively, compared with infected control,
Po0.001; Figure 2c). In order to ascertain the role of
infection-induced inactivation of GSK-3β in modulation of
apoptosis, we transfected cells with constitutively active (CA)-
GSK-3β, which cannot be phosphorylated thus cannot get
inactivated. Transfection efficiency was determined in wild
type (WT)-GSK-3β or CA-GSK-3β transfected cells by

hemagglutinin (HA) expression (Figure 2d). CA-GSK-3β
transfected cells showed increased apoptosis (2.1-fold,
Po0.01; Figure 2e), caspase-3 activity (2.1-fold, Po0.01;
Figure 2g) and mitochondrial membrane potential (2.7-fold,
Po0.001; Figure 2h) compared with WT-GSK-3β transfected
L. donovani-infected H2O2-treated cells. In contrast, inhibiting
non-phosphorylated active GSK-3β by a competitive inhibitor
SB216763 significantly decreased H2O2-induced caspase-3
activity and mitochondrial potential compared with H2O2-
treated cells (data not shown). However, addition of
SB216763 in infected H2O2-treated cells did not further
decreased caspase-3 activity and mitochondrial potential
(Figures 2g and h) indicating that infection already substan-
tially inhibited GSK-3β. Moreover, cells expressing CA-
GSK-3β showed decreased IL-10 production (55.9%,
Po0.001; Figure 2i) with simultaneous stimulation of IL-12
production (3.8-fold, Po0.001) compared with WT-GSK-3β
transfected L. donovani-infected cells (Figure 2j). A decrease
in parasite survival was also observed in CA-GSK-3β-
transfected cells (45.3%, Po0.01; Figure 2k). Collectively,
these results suggest that inactivation of GSK-3β by AKT
during infection results in regulating both host apoptosis and
immune activation.

Figure 3 Role of β-catenin in apoptois and inflammatory responses during infection. (a) RAW264.7 cells were transfected (24 h) with either control or β-catenin siRNA
followed by infection with L. donovani promastigotes for 6 h. Expression of β-catenin was evaluated by immunoblot analysis. (b-e) Macrophages were transfected with β-catenin
siRNA for 24 h, infected with L. donovani promastigotes for 6 h and then treated with 400 μM H2O2 for 1 h. These cells were then analyzed for the extent of apoptosis by annexin
V-tagged FITC-DAPI flow cytometry after incubation for 24 h at 37 °C (b and c), caspase-3 activity using Ac-DEVDpNA as substrate (d) and mitochondrial integrity (e) as
described in the legend of Figure 1. (f) RAW264.7 cells were treated with XAV939 (1 μM) or transfected with control or β-catenin siRNA along with pNF-κB luciferase plasmid
(1 μg) and 0.5 μg of pCMV-β-gal. After 24 h of transfection, cells were infected with L. donovani promastigotes for 24 h, washed, lysed and processed for luciferase activity.
(g and h) XAV939-treated or β-catenin siRNA transfected cells were infected with L. donovani promastigotes for 24 h and were processed for determination of IL-12 by ELISA (g)
or estimation of extent of parasite survival (h). All experiments were repeated at least three times each and one set of representative data is shown. Bands were analyzed
densitometrically and bar graphs expressing arbitrary densitometric units are presented adjacent to corresponding western blots. Error bars represent mean± S.D., n= 3.
*Po0.05, **Po0.01, ***Po0.001; Student's t-test
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Role of β-catenin in infection-induced inhibition of pro-
inflammatory and apoptotic effects. To investigate
whether β-catenin was associated with inhibition of apopto-
sis, siRNA-mediated knock down system was used, which
resulted in 71.1% decrease of β-catenin expression com-
pared with control siRNA treated cells (Figure 3a). When
subjected to H2O2 treatment, β-catenin-silenced infected cells
showed significantly increased apoptosis (2.1-fold, Po0.01;

Figure 3b), caspase-3 activity (1.9-fold, Po0.01; Figure 3d)
and mitochondrial membrane potential (2.2-fold, Po0.01;
Figure 3e) compared with control siRNA treated infected
cells. Next to ascertain the role of β-catenin on the pro-
inflammatory response during infection, we measured the
activity of NF-κB by luciferase reporter assay as macrophage
pro-inflammatory responses are primarily regulated by NF-κ
B.24 For this, cells were treated with XAV939, a selective

Figure 4 Role of AKTand GSK-3β in modulation of β-catenin localization in infection. (a) RAW264.7 cells were infected with L. donovani promastigotes (macrophage:parasite
ratio, 1:10) for different time periods as indicated. Levels of phosphorylated and total β-catenin were then detected by Western Blotting using respective antibodies. (b) Nuclear
fractions were isolated from RAW264.7 cells infected with L. donovani promastigotes for different times and β-catenin expression was checked by immunoblotting. (c) Infected
RAW264.7 cells were lysed after different time periods and checked for the levels of phosphorylated and total β-catenin by Western Blotting using respective antibodies.
(d) RAW264.7 cells were transfected (24 h) with WT-AKT, DN-AKT, WT-GSK-3β and CA-GSK-3β expression plasmids followed by infection with L. donovani promastigotes for
6 h. Nuclear fractions were isolated and expression of β-catenin was evaluated by immunoblot analysis. (e) Macrophages were treated with AKTi or SB216763 or XAV939 for 1 h
followed by infection with L. donovani promastigotes for 6 h. Cells were then stained with anti-β-catenin monoclonal antibody followed by secondary Alexa555-conjugated
antibody. Nuclei were stained with DAPI and cells were analyzed under microscope. Images were analyzed for colocalization using Olympus Fluoview (version 3.1a; Tokyo,
Japan). For better visual aid green was used instead of blue to mark DAPI using LUT program of Fluoview. Red or yellow colors on green nucleus denotes strong colocalization,
whereas green nucleus lacking any red or yellow colors denotes exclusion. (E1) Maximum Pearson’s Coeffiecient was calculated by randomly selecting at least 15 cells per field
for at least three random fields per experiment using colocalization program of Olympus Fluoview (version 3.1a; Tokyo, Japan). (f) Macrophages were treated with AKTi and/or
SB216763 or XAV939 and infected for 6 h. Thereafter nuclear fractions were isolated and expression of β-catenin was assessed. Lamin serves as control for the nuclear extract.
All experiments were repeated at least three times each and one set of representative data is shown. Bands were analyzed densitometrically and bar graphs expressing arbitrary
densitometric units are presented adjacent to corresponding western blots. Error bars represent mean± S.D., n= 3. NS, non-significant, **Po0.01,***Po0.001; Student's t-test
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inhibitor of β-catenin25 or transiently transected with β-catenin
siRNA and subjected to measurement of NF-κB luciferase
activity. Significant increase in NF-κB reporter activity was
observed in XAV939-treated and β-catenin-silenced infected
cells (1.7- and 1.8-fold increase as compared with infected,
Po0.01; Figure 3f). Moreover, XAV939 treatment or silencing
of β-catenin in infected cells led to increased levels of IL-12
(3.1- and 3.2-fold over infected cells, Po0.001; Figure 3g) and
decreased parasite survival (35.7 and 48.8% decrease
compared with infected cells, Po0.05 and Po0.01, respec-
tively; Figure 3h) indicating thereby the role of β-catenin in
regulation of both apoptosis and pro-inflammatory response
during infection.

Role of AKT/GSK-3β on activation of β-catenin in
infection. AKT can phosphorylate β-catenin at the Ser552

residue resulting in its activation and nuclear translocation
from the cytosol.11 Kinetic analysis in infected macrophages
with phospho-β-cateninSer552 antibodies showed increasing
phosphorylation of β-catenin with a maximum of 3.0-fold over
control at 6 h post infection (Figure 4a). This increased
phosphorylation coincided with its nuclear localization
(Figure 4b), thus indicating the role of AKT in β-catenin

activation. β-catenin is also known to be phosphorylated by
GSK-3β at another serine residue (Ser33/37) followed by
ubiquitination mediated degradation.26,27 However, no band
corresponding to phospho-Ser33/37was detected when MG132
pre-treated infected macrophages was subjected to Western
blot analysis with anti-phospho-Ser33/37 antibody (Figure 4c).
This is in line with our earlier observation that GSK-3β remains
inactive during infection (Figure 2a), thereby gets prevented
from phosphorylating β-catenin. To further ascertain the
individual roles of AKT and GSK-3β in nuclear localization of
β-catenin, DN-AKT or CA-GSK-3β-transfected macrophages
were infected with L. donovani and β-catenin level was
determined in the nuclear extracts. Transfection with either
constructs resulted in significant decrease in β-catenin
expression (60.4 and 62.2%, respectively, compared with
WT-AKT- or WT-GSK-3β-transfected L. donovani-infected cells,
Po0.001) (Figure 4d). These observations suggest that either
inactivation of AKT or activation of GSK-3β inhibits β-catenin
activation and nuclear localization. Microscopic study using
DAPI (green) as a nuclear marker and Alexa555-conjugated
secondary antibody to β-catenin antibody (red) in infected cells
also showed nuclear localization of β-catenin as measured by
Maximum Pearson’s Coefficient (Figure 4e and 4E1). The

Figure 5 Role of FOXO-1 in apoptosis and inflammatory response during infection. (a) RAW264.7 cells were transfected with either GFP-WT-FOXO-1 or GFP-CA-FOXO-1
and infected with L. donovani promastigotes for 6 h. Cells were fixed and stained with DAPI and analyzed under microscope. (b–d) Cells were transiently transfected with WT- or
CA-FOXO-1 expression plasmid (24 h) and then infected with L. donovani for 6 h. Transfection efficiency was further analyzed by checking the expression of GFP in whole cell
lysates (b). Transfected and L. donovani-infected cells were treated with H2O2 for 1 h, washed and incubated for additional 24 h and the integrity of DNA was analyzed with the
appearance of DNA ladders in each group via agarose electrophoresis (c). Representative surface plot indicates the extent of fragmentation (d). (e–i) Cells were transfected with
the indicated constructs and infected with parasites for 24 h. This was followed by real-time PCR analysis of TLR4 levels as fold change (e) or processed for determination of IL-1β
(f) and IL-10 (g) levels by ELISA. RAW264.7 cells were transfected with desired constructs along with pNF-κB luciferase plasmid (1 μg) and 0.5 μg of pCMV-β-gal. After 24 h of
transfection, cells were infected with L. donovani for 24 h, lysed, and processed for luciferase activity (h). The parasite survival was determined by staining the cells with DAPI after
transfection with indicated constructs and counting parasites per 100 macrophages (i). All experiments were repeated at least three times each and one set of representative data
is shown. Bands were analyzed densitometrically and bar graphs expressing arbitrary densitometric units are presented adjacent to corresponding western blots. Error bars
represent mean± S.D., n= 3. **Po0.01, ***Po0.001; Student's t-test
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regions showing yellow and red colors in green nuclear areas
denote positive colocalization. Treatment of infected cells with
either AKT inhibitor or XAV939 resulted in a decrease in
nuclear localization of β-catenin (51.3 and 45.4%, respectively,
Po0.01 compared with infected cells; Figure 4e and 4E1).
However, GSK-3β inhibitor SB216763 did not further increase
nuclear localization of β-catenin in infected cells validating that
GSK-3β was already inhibited resulting in maximum β-catenin
activation in infection. On the contrary, when SB216763 was
added after addition of AKTi, it could significantly reverse the
inhibitory effect of AKTi suggesting thereby that GSK-3β works
downstream of AKT. Inhibition of AKT renders GSK-3β active
which prevents nuclear localization of β-catenin. On the other
hand, inhibition of GSK-3β by SB216763 after AKT inhibition
fails to sequester β-catenin in cytosol thereby increasing its
nuclear localization (2.0-fold, Po0.01; Figure 4e and 4E1).
Similar observations were made in Western blot analysis of
nuclear extracts of infected cells treated with various inhibitors

(Figure 4f). These observations signify that infection promotes
activation of AKT for β-catenin phosphorylation-mediated
nuclear localization and at the same time renders GSK-3β
inactive to prevent β-catenin degradation.

Role of FOXO-1 in L. donovanimediated inhibition of pro-
inflammatory response and apoptotic effects. As
FOXO-1 is negatively regulated by β-catenin28 and is involved
in transcriptional up-regulation of TLR4 (ref 19), we thought it
worthwhile to study the role of FOXO-1 in apoptosis and
inflammatory response in L. donovani infection and its
regulation by AKT/GSK-3β/β-catenin pathway. Cells were
transfected with the GFP-tagged constitutively active FOXO-1
(CA-FOXO-1) which cannot be phosphorylated and therefore
remains sequestered in the nucleus.29 Microscopic studies
showed that GFP-tagged wild type FOXO-1 (WT-FOXO-1)
was maximally localized in cytoplasm after infection whereas
expression of CA-FOXO-1 was observed in nucleus in control

Figure 6 Role of AKT and GSK-3β in modulation of FOXO-1 localization. (a and b) RAW264.7 cells were infected for different times and phospho-FOXO-1 expression at
protein level was checked by immunoblotting in whole cell lysate (a) whereas FOXO-1 level was checked in nuclear fractions (b). (c) RAW cells were transfected with WT-GSK-3β
or CA-GSK-3β or WT-AKT or DN-AKT for 24 h and then infected with L. donovani promastigotes for 6 h. Cells were lysed, nuclear fractions were obtained and FOXO-1 expression
at protein level was checked by immunoblotting. (d) Cells were treated with AKTi or SB216763 for 1 h followed by infection with L. donovani promastigotes for 6 h. Cells were
stained with anti-FOXO-1 monoclonal antibody followed by Alexa555-conjugated secondary antibody. Nuclei were stained with DAPI, and cells were analyzed as mentioned in
legends of Figure 4. (e) Macrophages were treated with AKTi and/or SB216763 and infected for 6 h. Thereafter nuclear fractions were isolated and expression of FOXO-1 was
assessed. Lamin serves as control for the nuclear extract. All experiments were repeated at least three times each and one set of representative data is shown. Bands were
analyzed densitometrically and bar graphs expressing arbitrary densitometric units are presented adjacent to corresponding western blots. Error bars represent mean± S.D.,
n= 3. NS, non-significant, ***Po0.001; Student's t-test
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as well as infected cells (Figure 5a). Expression of GFP was
checked in whole cell lysates to further confirm the transfection
efficiency in transfected cells (Figure 5b). DNA fragmentation
assay revealed that transfection of CA-FOXO-1 resulted in
DNA fragmentation in infected and H2O2-treated or only H2O2-
treated cells indicating an important role of FOXO-1 in
apoptosis (Figure 5c). Extent of DNA fragmentation is further
illustrated in the surface plot of the gel where multiple peaks
correspond to the fragmented genomic DNA (Figure 5d).
Transfection with CA-FOXO-1 also resulted in increased
expression of TLR4 and IL-1β (2.2-fold, Po0.01 and 2.4-fold,
Po0.001, respectively, compared with WT-FOXO-1 trans-
fected L. donovani-infected cells; Figures 5e and f). As both
TLR4 and IL-1β are regulated by NF-κB we wanted to
understand the status of NF-κB activation in CA-FOXO-1

transfected infected cells. NF-κB luciferase activity was
increased 1.7-fold in CA-FOXO-1 transfected L. donovani-
infected cells over WT-FOXO-1 transfected infected cells,
(Po0.01; Figure 5g). CA-FOXO-1 transfection also led to a
significant decrease in IL-10 production (57.3%, Po0.01;
Figure 5h) and parasite survival (45.1%, Po0.01; Figure 5i)
compared with WT-FOXO-1-transfected infected cells. These
results suggest an important role of FOXO-1 in infection-
mediated regulation of apoptosis and inflammatory responses.

AKT activation leads to cytosolic sequestration of
FOXO-1 during infection. After ascertaining the modulation
of FOXO-1 in establishing infection, we wanted to understand
the mechanism of FOXO-1 inactivation in infection. Phos-
phorylation of FOXO-1 at ser256 by AKTwas reported to block

Figure 7 In vivo validation of the role of AKT in infection. (a) Schematic representation of the experimental protocol for treatment of L. donovani-infected mice: (i) infected and
AKTi treated and (ii) infected and SB216763-treated. (b and d) Infected mice were treated as mentioned in the scheme (a) and disease progression was determined by measuring
spleen parasite burden as Leishman–Donovan units (b). Spleen was isolated and spleen weight was measured (c). (d and e) Splenocytes were isolated from control, infected,
and infected plus AKTi-treated or SB216763-treated mice at 4 wk post-infection and IL-10 (d) and IL-12 (e) levels were determined by ELISA. Animal experiments were done with
five animals per group. Error bars represent mean±S.D., n= 3. ***Po0.001; Student's t-test
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its activity and decrease its DNA binding.17 Likewise, an
increase in phosphorylation of FOXO-1 at Ser256 residue was
observed in L. donovani-infected macrophages with a max-
imum of 2.9-fold increase at 6 h post infection compared with
uninfected control, Po0.001; Figure 6a). FOXO-1 is predomi-
nantly a nuclear protein and its phosphorylation by AKT
promotes its recognition by 14-3-3 protein which results in its
cytosolic translocation leading to inactivation.17 Western blot
analysis revealed a decrease in nuclear FOXO-1 in infected
macrophages (54.2% decrease over control, Po0.001) at 6 h
post-infection (Figure 6b). To ascertain the role of AKT/GSK-3β
in regulation of FOXO-1 during infection, we transfected cells
with DN-AKT, which resulted in increased nuclear retention of
FOXO-1 (3.2-fold compared with WT-AKT transfected infected
cells, Po0.001) whereas no significant change in nuclear
localization of FOXO-1 was observed in CA-GSK-3β trans-
fected infected cells (Figure 6c). This shows that FOXO-1 is
under direct regulation by AKT during infection. Microscopic
analysis revealed that during infection significant decrease
in nuclear FOXO-1 was seen which was markedly increased in
presence of AKTi (2.8-fold, Po0.01; Figure 6d and 6D1).
In contrast, no significant change was noticed in presence of
GSK-3β inhibitor SB216763 further nullifying the involvement
of GSK-3β in FOXO-1 regulation in infection. When SB216763
was added after addition of AKTi, it failed to trigger FOXO-1
exclusion from the nucleus thereby validating that FOXO-1 is
not under the regulation by GSK-3β in infected cells (Figure 6d
and 6D1). Similar observations were made in western blot
analysis of nuclear extracts of AKTi and/or SB216763-treated
infected cells (Figure 6e).

Role of AKT in parasite survival and immunomodulation
in mouse model of leishmaniasis. To validate the role of
AKT/β-catenin/FOXO-1 signaling in experimental mouse model
of visceral leishmaniasis, we treated L. donovani-infected mice
with AKTi or SB216763 (Figure 7a). Spleen parasite burden
was found to be significantly reduced in mice treated with AKTi
(73.9% reduction, Po0.001) compared with infected mice at
4 week post infection (Figure 7b). A significant reduction in
spleen weight (66.9% reduction, Po0.001)) was observed
upon treatment with AKTi as compared with infected control
(Figure 7c). Treatment with AKTi also resulted in decreased
levels of IL-10 (63.5% decrease over infected control,
Po0.001) with a concomitant increase in IL-12 synthesis
(5.8-fold increase over infected control, Po0.001) (Figures 7d
and e) at 4 week post infection. However, no significant change
was observed in infected and SB216783 treated mice as
opposed to infected untreated mice (Figures 7c–e).

Discussion

In the present study we elucidated how the intra-macrophage
parasite L. donovani exploits a single host regulatory protein,
AKT to limit both immune activation and macrophage
apoptosis by simultaneously orchestrating β-catenin and
FOXO-1 (Figure 8). Inhibition of AKT by use of inhibitor or
dominant negative construct shifted the overall anti-
inflammatory environment in infected cells to a pro-
inflammatory milieu indicating its immunosuppressive role at
least in case of Leishmania infection. Moreover, a significant

increase in host cell apoptosis and mitochondrial membrane
permeabilization upon AKT inactivation in H2O2-treated
infected cells further emphasize on its bi-functional role which
are in line with independent observations made by other
groups.4,5,30,31 GSK-3βwas found to be inhibited by activation
of AKT in L. donovani-infected condition as upon use of
dominant negative AKT, phosphorylation-mediated inhibition
of GSK-3β was not seen. As GSK-3β is known to inhibit or
induce apoptosis depending on the stimulus,32 we transfected
cells with constitutively active GSK-3β constructs which in
infection resulted in significant drop in parasite burden and
anti-inflammatory responses while increasing the overall pro-
inflammatory responses and mitochondrial membrane per-
meabilization, indicating that GSK-3βworks as a pro-apoptotic
protein in Leishmania infection. This increase, however, was
not at par with that seen in AKT-inactivated infected cells
indicating the possible role of multiple targets working down-
stream of AKT.33

Phosphorylation of β-catenin by AKT at Ser552 residue has
been shown to enhance its transcriptional activity.11 UponAKT
inhibition in L. donovani infection a decrease in nuclear
translocation of β-catenin was observed indicating a role of
AKT-mediated β-catenin regulation. β-catenin is known to be
degraded upon phosphorylation by GSK-3β at the Ser33/37 but
no phosphorylation was observed at the Ser33/37 in MG132
treated infected cells further validating that GSK-3β gets
inactivated in infection as a result of which it fails to inactivate
β-catenin. Moreover, constitutive activation of GSK-3β in
infected cells resulted in a decrease in nuclear β-catenin,
which indicates that AKT-mediated inactivation of GSK-3β on
one hand saves β-catenin fromGSK-3βmediated degradation
and on the other hand transactivates β-catenin by

Figure 8 Modulation of host AKT pathway by L. donovani for successful survival.
L. donovani activates host AKT by phosphorylation on serine and threonine residues,
which in turn imparts a dual effect on the downstream signaling pathway: 1.
Inactivation of GSK-3β by phosphorylation at Ser9 residue resulting in inhibition of
Ser33/37 phosphorylation-mediated degradation of β-catenin and 2. Phosphorylation
of β-catenin at Ser552 leading to its nuclear localization with concomitant inactivation
of FOXO-1 by phosphorylation at Ser256 causing its cytosolic translocation. Overall
these effects help parasite survival by inhibiting host cell apoptosis on one hand and
modulating inflammatory responses on the other
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phosphorylating it at Ser552. Furthermore, XAV939 treatment
or siRNA-mediated inhibition of β-catenin in infection led to an
increase in NF-κB transcription and pro-inflammatory gene
expression supporting a similar observation in other cell
types.21,34 Inhibition of β-catenin also resulted in increased
host cell apoptosis with an overall decrease in parasite burden
indicating its role downstream of AKT.
As β-catenin has a role in modulating FOXO-1 (ref 28),

another protein known to regulate both apoptosis and
inflammation;18–20 therefore, we studied the status of this
protein in infection and found a time dependent increase in
phosphorylation of FOXO-1, which corroborated with the
kinetics of its cytoplasmic translocation. This confirms that
phosphorylation of FOXO-1 at Ser256 residue results in its
nuclear export during infection, as unphosphorylated active
FOXO-1 is known to be retained in nucleus.35 Furthermore,
constitutive activation of GSK-3β in infected cells did not have
any impact on FOXO-1 localization indicating that FOXO-1 was
not under GSK-3β regulation like β-catenin. On the contrary,
dominant negative inhibition of AKTresulted in nuclear retention
of FOXO-1 which suggests that AKT is able to modulate
FOXO-1. There are reports which suggest that β-catenin can
bind to FOXO-1 in nucleus which results in reduced transcrip-
tional activity of β-catenin resulting in FOXO-1 mediated
apoptosis.36 However, in infection as nuclear FOXO-1 content
decreases due to AKT activation, AKT-GSK-3β mediated
activation of β-catenin could effectively carry on its anti-
apoptotic and anti-inflammatory functions. This fact was further
validated when constitutively activated FOXO-1-transfected
infected cells showed a significant increase in apoptosis and
pro-inflammatory responses even though AKT-GSK-3β-β-cate-
nin pathway remained unaffected.
Activation of AKT has been shown to negatively regulate the

TLR pathway.37 Our previous reports demonstrate that Leish-
mania infection manages to dampen early macrophage pro-
inflammatory responses by way of down-regulating TLR2 and
TLR4 pathway.38,39 Although we observed that AKT-mediated
FOXO-1 inactivation resulted in down-regulation of TLR4
expression and IL-1β production, we also outlined the fact that
it activated NF-κB, the key regulator of inflammatory response.
This further resulted in increased IL-10 production which is a
major anti-inflammatory cytokine up-regulated during infection.
Overall this work projects AKTas a negative regulator of TLR4
pathway at least in the context of L. donovani infection. The role
of AKT in parasite survival and sustenance has further been
substantiated in the BALB/c mouse model of visceral
leishmaniasis.
In summary, the present study elucidated for the first

time the importance of key transcriptional regulators of AKT
pathway which have important roles in regulation of parasite
survival in L. donovani infection. These results indicate a novel
regulatory mechanism adopted by the parasite to survive
within the host cell by dampening pro-inflammmatory
responses on one hand and inhibiting apoptosis on the
other. Future work requires demonstration of the novel
role of genes regulated by β-catenin and FOXO-1 as these
factors have important roles in cell cycle regulation and
proliferation and little is known about these in the context of
leishmaniasis.

Materials and Methods
Cell culture. BMDM were isolated from femur and tibia by sacrificing 6–8 week
old BALB/c mice as described previously.40 The murine macrophage cell line
RAW264.7 was cultured at 37 °C with 5% CO2 in RPMI 1640 (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% heat-inactivated FBS, 100 μg/ml streptomycin
and 100 U/ml penicillin.

Parasite maintenance. L. donovani (MHOM/IN/1983/AG83) parasites were
cultured in medium M199 (Invitrogen) with Hanks salt containing Hepes (12 mM),
L-glutamine (20 mM), 10% heat-inactivated fetal bovine serum (FBS), 50 U/ml
penicillin and 50 μg/ml streptomycin (Invitrogen) as promastigotes. For in vitro
infection, macrophages were infected with L. donovani promastigotes at a parasite:
cell ratio of 10:1 (ref 40). For in vivo infection, 107 L. donovani promastigotes were
injected via the tail vein of female BALB/c mice. Parasite burdens were ascertained
by Giemsa-stained impression smears of spleen taken from infected mice. Organ
parasite burden was expressed as Leishman–Donovan units (LDU) and were
calculated as the number of amastigotes/1000 nucleated cells × organ weight (in
grams

41

). Animal care and experimental procedures were carried out in accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocol has been approved by the
Committee on the Ethics of Animal Experiments of Indian Institute of Chemical
Biology (Permit Number: 147–1999).

Reagents, antibodies and constructs. Phospho-GSK-3β and GSK-3β
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Phospho-Ser33,37-β-catenin antibody and XAV939 were purchased from Abcam
(Cambridge, UK). All other primary antibodies were purchased from Cell signaling
(Danvers, MA, USA). HRP-conjugated anti-mouse and anti-rabbit secondary
antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). AKTi, inhibitor
of AKT and SB216763, inhibitor of GSK-3β were also purchased from Sigma. The
pNF-κB luciferase plasmid containing five copies of NF-κB consensus sequences
(pNF-κB-LUC) was obtained from Stratagene (La Jolla, CA, USA). WT-AKT and
DN-AKT were kind gifts from Dr. Jacques Neefjes (Division of Tumor Biology, The
Netherlands Cancer Institute, Amsterdam, The Netherlands).42 WT-GSK-3β (HA-
GSK-3β WT pcDNA3) and CA-GSK-3β (HA-GSK-3β S9A pcDNA3) were gift from
Dr Jim Woodgett (Addgene plasmid # 14753 and Addgene Plasmid 14754,
respectively).43,44 WT-FOXO-1 (GFP-FOXO-1) and CA-FOXO-1 (FOXO-1-ADA-
GFP) were gift from Dr. Domenico Accili (Addgene plasmid # 17551 and Addgene
Plasmid 35640, respectively).29,45

Cytokine analysis by ELISA. ELISA was performed using a sandwich
ELISA kit (Quantikine M, R&D Systems, Minneapolis, MN, USA and Abcam). The
detection limit of these assays was 45.1, 42.5, o45 and o5 pg/ml for TNF-α,
IL-12p70, IL-10 and IL-1β, respectively.

Apoptosis detection by Annexin V staining. RAW264.7 cells (2 × 106)
were infected with L. donovani promastigotes for 6 h. One group of infected
macrophages was treated with H2O2. After an hour of treatment, the culture media
was replaced and cells were incubated for additional 24 h at 37 °C/5% CO2. After
this the cells were washed twice with PBS and apoptosis was determined using
Annexin V-FLUOS staining kit (Roche Applied Science, Indianapolis, IN, USA) as
per manufacturer’s instruction. DAPI was used instead of PI. Cells were analyzed on
BD FACS Verse and data were analyzed using FlowJo software.

Caspase-3 activity assay. RAW264.7 cells were washed twice with ice-cold
PBS after infection and treatment and resuspended in 50 μl of ice-cold lysis buffer
for 30 min (1 mM DL-dithiothreitol, 0.03% Nonidet P-40 (v/v), in 50 mM Tris pH 7.5).
The lysate was centrifuged at 14 000 × g for 15 min at 4 °C. 10 μg of total protein
was incubated with the caspase-3 substrate (Ac-DEVD-pNA) for 1 h at 37 °C. The
absorption was measured by spectrometer at 405 nm.

Mitochondrial membrane potential assay. 3,3′-Dihexyloxacarbocya-
nine iodide (DiOC6(3)) is a lipophilic cationic cyanine dye that is widely used to
determine the mitochondrial membrane potential. After treatment and infection,
RAW264.7 cells were incubated with DiOC6(3) (40 nM) for 30 min at 37 °C. The
cells were then washed with ice-cold PBS and resuspended in 500 μl of PBS.
Fluorescence intensities of DiOC6(3) were analyzed on a flow cytometer.
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DNA Fragmentation assay. After treatment and infection, RAW264.7 cells
were washed two times with PBS and lysed in 100 μl of lysis buffer (50 mM Tris, pH
8.0, 10 mM EDTA, 0.5% SDS and 1 mg/ml proteinase K) for 3 h at 56 °C. The lysate
was treated with 0.5 mg/ml RNase A for another hour at 56 °C. DNA was extracted
with phenol/chloroform/isoamyl alcohol (25/24/1) and mixed with loading buffer
(50 mM Tris, 10 mM EDTA, 1% (w/w) low-melting point agarose, and 0.025% (w/w)
bromophenol blue). This was loaded onto a pre-solidified 2% agarose gel containing
0.1 mg/ml ethidium bromide. The gels were observed and photographed under
UV light.

Fluorescence microscopy. Macrophages (105) were plated onto 18 mm2

coverslips and cultured overnight. The cells were treated as mentioned and infected
with L. donovani promastigotes, washed twice in PBS, and fixed with 4%
formaldehyde for 30 min at room temperature. The cells were permeablized with
0.1% Triton X and incubated with blocking solution followed by primary antibody for
1 h at 4 °C. After washing, coverslips were incubated with Alexa555-conjugated
secondary antibody for 1 h at room temperature. The cells were stained with DAPI
(4′,6-diamidino-2-phenylindole, 1 μg/ml) in PBS plus 10 μg/ml RNase A to label the
nucleus, mounted on slides and visualized under Olympus IX81 microscope
equipped with a FV1000 confocal system using a 100x/60x oil immersion Plan Apo
(N.A. 1.45) objectives. The images thus captured were analyzed by Olympus
Fluoview (version 3.1a; Tokyo, Japan) using colocalization program and mounted
using Adobe Photoshop software.

NF-κB reporter assay. 1 μg NF-κB luciferase reporter vector were
transfected in RAW264.7 macrophages along with 0.5 μg pCMV-β-gal in serum
free medium using Lipofectamine (Invitrogen) according to manufactures instruction.
Cells were harvested using reporter lysis buffer (Promega, Madison, WI, USA) and
NF-κB luciferase activity was assessed by luminometer. The value of luciferase
activity was normalized to transfection efficiency and this was monitored by the co-
transfected β-galactosidase expression vector.

RNA-mediated interference by siRNA transfection. β-catenin spe-
cific siRNA was purchased from Santa Cruz Biotechnology. RAW264.7 cells were
plated in 6-well tissue culture plates at a density of 2 × 106 cells/well in antibiotic and
serum free normal growth medium, followed by transfection with siRNA as per
manufacture’s instruction. Scrambled siRNA served as control.

Immunoblotting. RAW264.7 and BMDM were lysed in lysis buffer (Cell
Signaling), and the concentration of proteins in the supernatants was estimated
using Bradford reagent. Proteins were immunoblotted as previously described.39

Densitometry. Densitometric analyses for all experiments were carried out
using ImageJ software (US NIH, Bethesda, MD, USA; http://rsb.info.nih.gov). Band
intensities were quantified, and the values were normalized to endogenous control
and arbitrary densitometric units were plotted in bar graphs.

Statistical analysis. All experiments were performed for at least three times.
Macrophage cultures were set in triplicates and the results were expressed as the
mean±S.D. Student’s t-test was employed to evaluate the statistical significances of
differences among pair of data sets and P valueo0.05 considered to be significant.
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