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The protozoan parasite Leishmania donovani, the etiological agent of visceral leishmaniasis, is renowned for
its capacity to sabotage macrophage functions and signaling pathways stimulated by activators such as gamma
interferon (IFN-vy). Our knowledge of the strategies utilized by L. donovani to impair macrophage responsive-
ness to IFN-y remains fragmentary. In the present study, we investigated the impact of an infection by the
amastigote stage of L. donovani on IFN-y responses and signaling via the Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) pathway in mouse bone marrow-derived macrophages. The levels
of IFN-y-induced expression of major histocompatibility complex class II and inducible nitric oxide synthase
(iINOS) were strongly reduced in L. donovani amastigote-infected macrophages. As the expression of those
genes is mediated by the transcription factors STAT1a and IFN regulatory factor 1 (IRF-1), we investigated
their activation in amastigote-infected macrophages treated with IFN-y. We found that whereas STAT1a
protein levels and the levels of phosphorylation on Tyr701 and Ser727 were normal, IRF-1 expression was
inhibited in infected macrophages. This inhibition of IRF-1 expression correlated with a defective nuclear
translocation of STAT1«, and further analyses revealed that the IFN-y-induced STAT1« association with the
nuclear transport adaptor importin-aS was compromised in L. donovani amastigote-infected macrophages.
Taken together, our results provide evidence for a novel mechanism used by L. donovani amastigotes to
interfere with IFN-y-activated macrophage functions and provide a better understanding of the strategies
deployed by this parasite to ensure its intracellular survival.

Protozoan parasites of the genus Leishmania cause a spec-
trum of diseases in humans, ranging from self-healing ulcers to
potentially fatal visceral leishmaniasis, which affect millions of
people worldwide. These parasites are transmitted to mam-
mals under their promastigote form upon the blood meal of
infected sand flies. Following their phagocytosis by macro-
phages, promastigotes differentiate into amastigotes, the mam-
malian stage of the parasite which resides and replicates inside
phagolysosomes. To ensure their survival within macrophages,
Leishmania parasites have evolved strategies to sabotage sig-
naling pathways that modulate host cell microbicidal proper-
ties (8, 14, 19, 20, 26). Hence, Leishmania-infected macro-
phages are characterized by the abnormal expression of
activation-associated functions and by an unresponsiveness to
activators such as gamma interferon (IFN-v) (2, 9, 12, 17, 25,
33, 34).

The signaling events initiated by IFN-y have been investi-
gated in great detail (29, 36). Binding of IFN-y to its multi-
subunit receptor triggers tyrosine phosphorylation of the
IFN-vy receptor-associated kinases Janus kinase 1 (JAK1) and
JAK?2, which in turn phosphorylate the transcription factor
signal transducer and activator of transcription la (STAT1a)
on residue Tyr701. Tyrosine-phosphorylated STAT1a mole-
cules then homodimerize and are further phosphorylated on
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Ser727, an important step for acquisition of full transcriptional
activity (7, 42). STAT1a homodimers interact with importin-
a5, a member of the karyopherin-a family of nuclear localiza-
tion signal receptors (23, 37). This interaction with importin-a5
is central to the nuclear translocation of STATla and the
subsequent transcriptional regulation of IFN-y responsive
genes, such as IFN regulatory factor 1 (IRF-1) and class II
transactivator (CIITA), which regulate the expression of genes
involved in microbial killing and antigen presentation (such as
inducible nitric oxide synthase [iNOS] and major histocompat-
ibility complex class II [MHC I1]) (6, 18, 40).

Studies aimed at understanding the mechanisms by which
Leishmania donovani impairs IFN-y-induced macrophage re-
sponses revealed that this parasite targets distinct steps along
the JAK-STAT pathway. Hence, within minutes, L. donovani
promastigotes activate the protein tyrosine phosphatase
SHP-1, causing the tyrosine dephosphorylation of JAK2 (5,
12). Furthermore, L. donovani promastigotes cause an abnor-
mal nuclear translocation of STAT1a which is related to its
rapid proteasome-mediated degradation (11). In addition, L.
donovani promastigotes downregulate the IFN-y receptor
a-chain protein levels (28) and induce the transient expression
of the suppressor of cytokine signaling 3 (SOCS3), which neg-
atively regulates IFN-y signaling (3). Thus, as they initiate
infection, L. donovani promastigotes efficiently shut off the
predominant signaling cascade of one of the most important
macrophage activators.

Similar to promastigotes, L. donovani amastigotes inhibit
IFN-vy-induced responses in macrophages, including the ex-
pression of MHC II and iNOS (25, 33, 34). However, the
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underlying mechanism has not been studied in detail. In the
present study, we investigated the impact of L. donovani amas-
tigotes on IFN-v responses and signaling via the JAK-STAT1
pathway. Our findings indicate that infection with L. donovani
amastigotes causes the downregulation of IFN-y-induced gene
expression without affecting STAT 1« activation. Rather, amas-
tigotes inhibit IFN-y-induced STAT1a nuclear translocation
by blocking the interaction of STAT1a with the karyopherin
importin-aS5.

MATERIALS AND METHODS

Macrophage culture. Bone marrow-derived macrophages (BMMs) were ob-
tained from the femurs and tibias of 6- to 8-week-old female BALB/c mice
(Charles River, St. Constant, QC, Canada) and differentiated as described pre-
viously (8, 27) in complete medium (Dulbecco’s modified Eagle’s medium with
glutamine; Life Technologies, Burlington, ON, Canada) containing 10% heat-
inactivated fetal bovine serum (FBS; HyClone, Logan, UT), 20 mM HEPES, pH
7.4, and penicillin-streptomycin supplemented with 15% (vol/vol) 1929 cell-
conditioned medium, a source of colony-stimulating factor 1 (CSF-1), in a 37°C
incubator with 5% CO,.

Parasites, infections, and IFN-y stimulation. Amastigotes of the Ethiopian
LV9 strain of Leishmania donovani were isolated from the spleens of female
HsdHan:AURA hamsters (Harlan Sprague Dawley Inc., Montreal, QC, Canada)
that had been infected 8 to 12 weeks earlier with 1.5 X 10% amastigotes by
intra-abdominal injection, as described previously (32). Promastigotes of L.
donovani strain LV9, L. major NIH S clone A2, and L. amazonensis strain LV79
were cultured at 26°C in medium 199 supplemented with 10% heat-inactivated
FBS, 100 pM adenine, 40 mM HEPES, 5 uM hemin, 3 pM biopterin, 1 pM
biotin, and penicillin-streptomycin. Promastigotes were used in the late station-
ary phase of growth. For infections, BMMs were incubated at 37°C for either 18 h
for amastigotes or 6 h for promastigotes at a parasite-to-macrophage ratio of
20:1, unless stated otherwise. Noninternalized parasites were removed by two
washes in serum-free medium, and the cells were allowed to rest in serum-free
medium for 1 h after each wash. Infection levels were assessed by microscopic
examination of infected cells upon Giemsa staining. Over 90% of the BMMs
were routinely infected with an average of 15 to 20 amastigotes per cell for a 20:1
ratio and 10 to 13 amastigotes per cell for a 10:1 ratio without affecting BMM
viability. Recombinant mouse IFN-y (R&D Systems, Minneapolis, MN) was
added at 100 U/ml for the indicated times.

Reverse transcription-PCR (RT-PCR). Total RNA was extracted from adherent
BMMs using the TRIzol reagent (Invitrogen Life Technology, Carlsbad, CA) and
reverse transcribed as described previously (15). One-tenth of the resulting cDNA
was amplified by PCR on a DNA thermal cycler, version 2.3 (Perkin-Elmer Corpo-
ration, Norwalk, CT), with the following primer pairs: for the o chain of MHC-II
(I-Aar), 5'-GGA ATT CTG GGA ATC TCA GGT TCC CAG TG-3' (forward) and
5'-GGA ATT CTG AAC ACC ATG CTC AGC CTC TG-3' (reverse); for iNOS,
5'-CCG AAA CGC TTC ACT TCC AAT G-3' (forward) and 5'-AAT CTC TGC
CTA TCC GTC TCG TC-3' (reverse); and for hypoxanthine phosphoribosyltrans-
ferase (HPRT), 5'-GTT GGA TAC AGG CCA GAC TTIT GTT G-3' (forward)
and 5'-GAT TCA ACT TGC GCT CAT CTT AGG C-3' (reverse). The PCR
products were analyzed by electrophoresis on a 1.8% (wt/vol) agarose gel, and the
pictures were taken using Alphalmager 3400 imaging software (Alpha Inno-
tech Corporation, San Leandro, CA).

Quantitative real-time PCR. Total RNA was extracted from adherent BMMs
and reverse transcribed, as described above. One-tenth of the resulting cDNA
was amplified by quantitative real-time PCR (qPCR) in a total volume of 20 pl,
which contained 10 pl of PerfeCTa SYBR green SuperMix Low carboxy-X-
rhodamine (ROX) reagent (Quanta Biosciences, Inc., Gaithersburg, MD), 7 .l
of autoclaved high-pressure liquid chromatography-grade water (Fisher Scien-
tific, Ottawa, ON, Canada), 2 pl of cDNA, and 500 nM the following forward and
reverse primers: for I-Aa, 5'-TCA GTC GCA GAC GGT GTT TAT-3’' (for-
ward) and 5'-GGG GGC TGG AAT CTC AGG T-3' (reverse); for iNOS,
5'-CAG CAC AGG AAATGT TTC AGC-3' (forward) and 5'-TAG CCA GCG
TAC CGG ATG A-3' (reverse); and for HPRT, 5'-GTT GGA TAC AGG CCA
GAC TTT GTT G-3' (forward) and 5'-GAT TCA ACT TGC GCT CAT CTT
AGG C-3' (reverse). Amplifications were conducted in duplicate or triplicate on
an MX3000P instrument under the following conditions: an initial melting step
of 10 min at 95°C and 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 20 s,
with a final dissociation curve step being performed to ensure that there was only
one (gene-specific) amplification peak for each primer pair. Cycle threshold (Cy)
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values were recorded using MxPro-Mx3000P (version 3.20) Build 340 Schema 74
software and analyzed by the 2742 method.

Preparation of nuclear extracts and EMSA. Adherent BMMs (107/dish) were
washed once with ice-cold phosphate-buffered saline (PBS) and scraped into 1.5
ml of ice-cold PBS. Cell suspensions were transferred into microcentrifuge tubes
and pelleted for 15 s at 4°C. Cytoplasm was removed by lysis in hypotonic buffer
A (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol
[DTT]) containing phosphatase inhibitors [1 mM Na;VO,, 50 mM NaF, 1.5 mM
ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid [EGTA], 10
mM Na,P,0] and complete protease inhibitors (Roche Applied Science, Laval,
QC, Canada) for 10 min on ice, followed by addition of 0.5% Nonidet P-40 and
vortexing for 10 s. Nuclei were pelleted by centrifugation for 15 s at 4°C and lysed
in hypertonic buffer C (20 mM HEPES, pH 7.9, 1.5 mM MgCl,, 420 mM NaCl,
0.2 mM EDTA, 25% glycerol, and 0.5 mM DTT with phosphatase and protease
inhibitors). After incubation on ice for 20 min, insoluble material was removed
by centrifugation for 2 min at 4°C, and protein concentrations were determined
using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). The
electrophoretic mobility shift assay (EMSA) was performed essentially as de-
scribed previously (15), using an oligonucleotide probe containing the consensus
y-activated sequence (GAS) recognized by STAT1 (5'-AGCCATTTCCAGGA
ATCGAAA-3’, where the underscore indicates the GAS). The gels were dried
and exposed to an X-ray film at —70°C.

Immunoprecipitation and immunoblotting analysis. For immunoblotting ex-
periments, adherent BMMs (2 X 10%well) were washed with ice-cold PBS
containing 1 mM NazVO, and lysed in 10 mM Tris-HCl, pH 7.5-1 mM
EGTA-1% Triton X-100 with phosphatase and protease inhibitors. After incu-
bation on ice for 10 min, total cell extracts were sonicated, insoluble material was
removed by centrifugation for 10 min at 4°C, and protein concentrations were
determined using the Pierce BCA protein assay. Western blotting was performed
as described previously (39), using rabbit polyclonal antibodies against IRF1
(Santa Cruz Biotechnology, Santa Cruz, CA), Akt and pTyr701-STAT1 (Cell
Signaling Technology, Beverly, MA), and the STAT1 C terminus and pSer727-
STAT1 (Upstate Biotechnology, Lake Placid, NY). For immunoprecipitation
analyses, adherent BMMs (107/dish) were washed with ice-cold PBS containing
1 mM Na;VO, and lysed in 20 mM Tris-HCI, pH 7.5-10 mM EDTA, pH 8.0-1%
Nonidet P-40 with phosphatase and protease inhibitors. After incubation on ice
for 10 min, the lysates were sonicated and insoluble material was removed by
centrifugation for 10 min at 4°C. The lysates were cleared for 1 h with recom-
binant protein G-Sepharose beads (Amersham Biosciences, Pittsburgh, PA) at
4°C. After removal of the protein G-Sepharose beads by centrifugation, the
lysates were incubated for 2 h at 4°C with 1.5 pg of anti-importin-a5 antibody
from Santa Cruz Biotechnology bound to protein G-Sepharose beads. Immuno-
complexes were collected by brief centrifugation, washed three times with lysis
buffer containing protease and phosphatase inhibitors, boiled in SDS sample
buffer, and analyzed by Western blotting.

Confocal immunofluorescence microscopy. BMMs were seeded in 24-well
plates containing microscope coverslips (Fisher Scientific, Ottawa, ON, Canada)
at 1.5 X 10°well, infected with L. donovani amastigotes for 18 h, and then
stimulated with 100 U/ml IFN-y for 15 min. The cells were washed in PBS, fixed
with 2% paraformaldehyde for 10 min, and then simultaneously blocked and
permeabilized in 0.1% Triton X-100-1% bovine serum albumin-20% normal
goat serum-6% nonfat dry milk-50% FBS for 20 min at room temperature. The
STATla distribution was visualized using a mouse anti-STAT1a (C terminus)
IgG2b antibody from BD Transduction Laboratories at a 1:100 dilution and
Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes, OR) at 1:500. Macro-
phage and amastigote nuclei were stained with DRAQS5 (BioStatus Ltd., United
Kingdom) at 1:400. The coverslips were washed three times with PBS and
mounted on the Fluoromount-G reagent (Interscience, Markham, ON, Canada).
Analyses were performed using a Bio-Rad Radiance 2000 confocal imaging
system (Bio-Rad Laboratories, Hercules, CA) installed on an Eclipse E800
microscope. STAT1a translocation was analyzed using an argon/krypton laser at
488 nm with a Plan Apo Nikon X60 (numerical aperture [NA], 1.4) oil immer-
sion lens. DRAQS5 fluorescence was analyzed using a 638-nm diode laser at
650-nm long pass with a Plan Apo Nikon X60 (NA, 1.4) oil immersion lens. At
least 50 cells from each of two independent experiments performed under each
experimental condition were examined. Images were acquired in the normal
scanning mode with a Kalman filter of 10 and LaserSharp software.

Densitometric analysis. Band intensities were quantified by spot densitometry
using Alphalmager 3400 imaging software (Alpha Innotech Corporation) and
normalized to the value for the indicated control. Values are presented as the
fold induction compared to the level in the uninfected, unstimulated sample.

Statistical analysis. Data are presented as the means of three or more exper-
iments *+ standard deviation (SDs). The Student ¢ test (two-tailed, unpaired) was
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FIG. 1. L. donovani amastigotes downregulate IFN-y-induced gene expression. Adherent BMMs were infected with freshly isolated L. donovani
amastigotes for 18 h at a parasite-to-cell ratio of 20:1 and then stimulated with 100 U/ml IFN-vy for the indicated times. Total RNA was extracted,
reverse transcribed, and analyzed by RT-PCR (A) or RT-qPCR (B) with primers specific for I-Aa, iNOS, and HPRT, as described in Materials
and Methods. (A) Band intensities were quantified by densitometric analysis and normalized to those of the HPRT housekeeping gene; (B) the
level of gene expression was normalized to that of HPRT and calculated via the 272" method. Values are expressed as the fold difference from
the results for the uninfected, unstimulated cells and represent the means = SDs of three independent experiments (A) or of qPCR triplicates of
an experiment representative of two others (B). *, P < 0.05; #*, P < 0.02.

performed in order to evaluate the significance of the differences observed
between parasite-infected samples and their respective uninfected counterparts.

RESULTS

Downregulation of IFN-y-induced gene expression by L.
donovani amastigotes. To study the mechanism by which L.
donovani amastigotes inhibit IFN-y-mediated responses, we
first evaluated by RT-PCR (Fig. 1A) and RT-qPCR (Fig. 1B)
the impact of L. donovani amastigotes on MHC II and iNOS
gene expression in BMMs. Consistent with previous reports
(33, 34), the IFN-y-induced I-Aa mRNA levels were signifi-
cantly reduced in BMMs infected for 18 h with L. donovani
amastigotes compared to the levels in uninfected cells. Simi-
larly, infection of BMMs with amastigotes significantly atten-
uated the IFN-vy-induced expression of iNOS. Downregulation
of IFN-y-induced iNOS expression remained highly significant
when the parasite-to-cell ratio was lowered from 20:1 to 10:1
(Fig. 2). Altogether, these results are consistent with the notion
that L. donovani amastigotes perturb the expression of the
IFN-v-inducible genes involved in microbe killing and antigen
presentation.

STAT1a levels and phosphorylation are normal in L. dono-
vani amastigote-infected BMMs. We next determined whether
inhibition of IFN-y-stimulated gene expression in L. donovani
amastigote-infected BMMs resulted from a disruption of the
JAK-STAT1 pathway. Western blot analyses revealed that
STATI1a levels and the levels of IFN-y-induced phosphoryla-
tion of STAT1a on both Tyr701 and Ser727 were similar in
control and L. donovani amastigote-infected BMMs (Fig. 3).
This was in contrast to previous reports indicating that Leish-
mania promastigotes inhibit IFN-y signaling by preventing
JAK2 and STATl1a activation and by inducing STAT1a deg-
radation (4, 5, 11, 28). It was thus necessary to determine
whether the inability of L. donovani amastigotes to impair
STAT1a phosphorylation in BMMs was strain specific or de-

velopmental stage specific. To address this issue, we assessed
the impact of promastigotes differentiated from our L. dono-
vani LV9 amastigotes, as well as promastigotes from L. major
and L. amazonensis, on STATla levels and IFN-y-induced
STAT1 phosphorylation. Consistent with previous reports (4,
5, 28), the level of STATI tyrosine phosphorylation was re-
duced in BMMs infected with promastigotes from L. donovani,
L. major, and L. amazonensis compared to the level in unin-
fected BMMs (Fig. 4). Furthermore, as previously reported
(11), STAT1« levels were also reduced in BMM:s infected with
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FIG. 2. Impact of the infection ratio on the inhibition of IFN-y-
induced iNOS expression by L. donovani amastigotes. Adherent
BMMs were infected with freshly isolated L. donovani amastigotes for
18 h at a parasite-to-cell ratio of 10:1 or 20:1 and then stimulated with
100 U/ml IFN-y for the indicated times. Total RNA was extracted,
reverse transcribed, and analyzed by RT-PCR with primers specific for
iNOS and HPRT, as described in Materials and Methods. Band inten-
sities were quantified by densitometric analysis and normalized to
those for the HPRT housekeeping gene. Values are expressed as the
fold difference of the results for the unstimulated, uninfected sample
and represent the means * SDs of two independent experiments
performed with duplicate samples for each condition. ***, P < 0.001.
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FIG. 3. L. donovani amastigotes do not alter protein levels or IFN-
v-induced phosphorylation of STATla. Adherent BMMs were in-
fected with freshly isolated L. donovani amastigotes for 18 h at a
parasite-to-cell ratio of 20:1 and then stimulated with 100 U/ml IFN-y
for the indicated times. Whole-cell lysates were separated by SDS-
PAGE and analyzed by Western blotting using antibodies against
pTyr701-STATI, pSer727-STAT1a, the STAT1a C terminus, and Akt,
as described in Materials and Methods. Densitometric analysis was
performed and band intensities were normalized to those for the Akt
control. Results are expressed as the fold difference from the results
for the unstimulated, uninfected sample and represent the means *
SDs of at least three independent experiments.

either L. donovani or L. major promastigotes (Fig. 4). These
results indicate that the mechanism by which L. donovani
amastigotes inhibit IFN-y signaling in BMMs is distinct from
that used by promastigotes and occurs downstream of STAT1a
activation.

IFN-vy-induced IRF-1 expression is impaired by L. donovani
amastigotes. The transcription factor IRF-1 is among the first
genes induced by STAT1a in response to IFN-vy, and they both
act to regulate iNOS gene expression (18, 22, 24). We thus
determined the impact of L. donovani amastigotes on IFN-y-
induced IRF-1 expression. In uninfected BMMs, IRF-1 was
detectable by 1 h after IFN-y stimulation and was stronger
after 2 h (Fig. 5A). On the other hand, infection of BMMs with
L. donovani amastigotes significantly impaired induction of
IRF-1 expression by IFN-y. Leishmania-infected macrophages
release various immunomodulators which may impair IFN-y
responsiveness (26). To determine whether a secreted immu-
nosuppressive molecule could be responsible for the inhibition
of IFN-y-induced IRF-1 expression in infected BMMs, we
incubated uninfected BMMs with conditioned medium from
macrophages infected with L. donovani amastigotes and ana-
lyzed IFN-vy-induced IRF-1 expression. Figure 5B shows that
conditioned medium from infected BMMs had no impact on
IRF-1 induction by IFN-y, indicating that the mediators re-
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FIG. 4. Impact of Leishmania promastigotes from various species
on STAT1a expression and activation. Adherent BMMs were infected
with stationary-phase promastigotes of either L. donovani, L. major, or
L. amazonensis for 6 h at a parasite-to-cell ratio of 20:1 and were then
stimulated with 100 U/ml IFN-y for the indicated times. Whole-cell
lysates were separated by SDS-PAGE and analyzed by Western blot-
ting using antibodies against pTyr701-STAT1 and the STAT1a C ter-
minus, as described in Materials and Methods. Densitometric analysis
was performed, and the results are expressed as the fold difference
from the results for the unstimulated, uninfected sample. Data are
representative of those from two independent experiments.

leased by infected BMM:s are not responsible for the unrespon-
siveness to IFN-y.

L. donovani amastigotes prevent IFN-y-induced STAT1a
nuclear translocation by blocking STAT1a association with
importin-a5. The finding that IRF-1 expression was defective
in infected BMMs led us to verify the possibility that L. dono-
vani amastigotes tamper with the ability of activated STAT 1«
to translocate to the nucleus and/or to bind to DNA. We first
assessed by EMSA the levels of active STATla present in
nuclear extracts from uninfected and amastigote-infected
BMMs stimulated with IFN-y for 15 and 30 min. As shown in
Fig. 6A, the level of binding of the STAT1a present in nuclear
extracts to a GAS-containing oligonucleotide probe was signif-
icantly reduced in L. donovani amastigote-infected BMMs
compared to that observed in uninfected cells. We next exam-
ined by confocal immunofluorescence microscopy the impact
of an amastigote infection on the intracellular redistribution of
STAT1a upon treatment with IFN-y for 15 min. As shown in
Fig. 6B, the massive nuclear translocation of STATla ob-
served in IFN-y-stimulated uninfected BMMs was strongly
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FIG. 5. Inhibition of IFN-y-induced IRF-1 expression by L. dono-
vani amastigotes. Adherent BMMs were either infected with freshly
isolated L. donovani amastigotes for 18 h at a parasite-to-cell ratio of
20:1 (A and B) or incubated for 5 h with the supernatant of infected
BMMs (B). The cells were then stimulated with 100 U/ml IFN-y for
the indicated times. Total cell extracts were analyzed by Western
blotting with antibodies against IRF-1 and Akt, as described in Mate-
rials and Methods. Densitometric analysis was performed, and IRF-1
band intensities were normalized to those for the Akt control. Results
are expressed as the fold difference from the results for the unstimu-
lated, uninfected sample and represent the means = SDs of five (A) or
four (B) independent experiments. **, P < 0.02; %%, P < 0.001.

attenuated in infected cells, confirming that L. donovani amas-
tigotes interfere with IFN-vy-induced STAT1a nuclear translo-
cation.

Transport of STATla from the cytoplasm to the nucleus
requires the nuclear transport adaptor importin-a5 (23, 37).
We thus determined whether a defective association between
STATla and importin-a5 could account for the inhibition of
IFN-vy-induced STAT1« nuclear translocation by L. donovani
amastigotes. To this end, we immunoprecipitated importin-a5
from uninfected and L. donovani amastigote-infected BMMs
15 and 30 min after the addition of IFN-y and looked for the
presence of STAT1a in the immunoprecipitates. As shown in
Fig. 7, IFN-y rapidly increased the levels of STAT1a present in
importin-a5 immunoprecipitates from uninfected BMMs. In
contrast, the levels of STAT1a present in importin-a5 immu-
noprecipitates from L. donovani amastigote-infected BMMs
were drastically reduced, both before and after the addition of
IFN-y. These results establish that L. donovani amastigotes
inhibit the association between STATla and importin-a5,
thereby preventing the nuclear translocation of STAT1a.
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DISCUSSION

The present study was aimed at investigating how L. dono-
vani amastigotes interfere with the triggering of IFN-y-induc-
ible macrophage functions. We report that in BMMs, L.
donovani amastigotes impair the nuclear translocation of
STATla by preventing its association with the importin-aS
shuttling receptor.

Alteration of macrophage signaling regulatory machineries
is one of the strategies used by the parasite Leishmania to
avoid activation of microbicidal mechanisms and detection by
the host immune system (19, 26). Previous studies revealed
that Leishmania promastigotes use diverse stratagems to effi-
ciently target the JAK2-STAT] signaling cascade in order to
attenuate IFN-y-inducible macrophage functions (4, 5, 11, 28).
These include activation of host cell tyrosine phosphatases,
inactivation of JAK2, and massive tyrosine dephosphorylation
of macrophage proteins, as well as proteasome-mediated deg-
radation of STAT1a. Recent evidence revealed that alteration
of JAK-STAT signaling and modulation of protein tyrosine
phosphatase activity by promastigotes involve the proteolytic
activity of the promastigote surface protease GP63, which ap-
pears to access the host cell cytoplasm by a lipid raft-depen-
dent mechanism (16).

In contrast, little is known of the mechanisms by which
amastigotes prevent macrophage activation by IFN-y. This
knowledge is crucial for the development of novel prophylactic
and therapeutic approaches against leishmaniases, as the
amastigote stage is responsible for disease progression and
pathology. As previously reported (33, 34), we found that L.
donovani amastigotes strongly reduce IFN-y-induced MHC II
expression at the level of gene transcription. L. donovani amas-
tigotes have also been reported to antagonize induction of
iNOS protein expression by IFN-y in macrophage cell lines
(25). Consistently, we observed a downregulation of iNOS
gene expression in L. donovani amastigote-infected BMMs.
Expression of iNOS in IFN-y-activated macrophages is depen-
dent on the transcription factors STAT1a and IRF-1 (18, 22,
24). This led us to verify the impact of L. donovani amastigotes
on these two key mediators of IFN-y responses. We found that
L. donovani amastigotes neither altered STAT1a protein levels
nor prevented STAT1a Tyr701 and Ser727 phosphorylation.
Normal STAT1a activation indicates that the upstream steps
in the IFN-vy signaling cascade are not affected in L. donovani
amastigote-infected BMMs. It is thus unlikely that impaired
IFN-vy-induced gene expression is related to the downregula-
tion of the IFN-y receptor (4, 28). On the other hand, induc-
tion of IRF-1 expression was defective in L. donovani amastig-
ote-infected BMMs. Since IFN-y-induced IRF-1 expression
requires STAT1a activation, we reasoned that the downregu-
lation of IRF-1 expression in infected BMMs may be the con-
sequence of an inability of STAT 1« to either translocate to the
nucleus or bind to DNA. Indeed, our findings indicate that L.
donovani amastigotes hinder STAT 1« translocation to the nu-
cleus, by abrogating IFN-y-induced STAT1« interaction with
the nuclear transport adaptor importin-aS. This mechanism is
distinct from the recently described mechanism by which L.
mexicana amastigotes prevent nuclear translocation of various
transcription factors, including STATI1, through proteolytic
degradation involving the cysteine proteinase LmCPb (1).
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FIG. 6. L. donovani amastigotes inhibit the nuclear translocation of STAT1«a induced by IFN-y. BMMs were infected with freshly isolated L.
donovani amastigotes for 18 h at a parasite-to-cell ratio of 20:1 and then stimulated with 100 U/ml IFN-v for the indicated time points. (A) Nuclear
extracts were analyzed by EMSA for the level of STAT1 binding to a GAS consensus oligonucleotide probe. Cold probe (C100X) was added at
100 times the concentration of radioactive probe to the reaction mixture of the uninfected sample stimulated with IFN-y for 15 min as a
competition to verify the specificity of the bands. Band intensities were quantified by spot densitometry. Values are expressed as the fold difference
from the results for the unstimulated, uninfected sample and represent the means = SDs of three independent experiments. (B) After incubation
for 18 h in the presence or absence of amastigotes and subsequent treatment with IFN-y for 15 min, the cells were fixed and stained with the DNA
marker DRAQS (blue) and with the anti-STAT1a C terminus antibody (green) for immunofluorescence confocal microscopy, as described in
Materials and Methods. Scale bar, 3 wm. Results are representative of two independent experiments. %, P < 0.02; *%%, P < 0.001.

Previous studies showed that as they initiate infection, Leish-
mania promastigotes activate host cell protein tyrosine phos-
phatases to efficiently shut off IFN-y-activated macrophage
microbicidal mechanisms (4, 5, 11, 28, 43). However, given
their relatively generalized effect on cellular functions, sus-
tained activation of protein tyrosine phosphatases such as
SHP-1 would be detrimental to macrophage survival. We
found that infection of BMMs with L. donovani amastigotes
was not accompanied by significant changes in tyrosine phos-
phorylation levels (data not shown). This is consistent with the
notion that L. donovani amastigotes act at a very specific step
of the JAK-STAT]1 signaling cascade, which nevertheless re-

sults in an efficient attenuation of IFN-y-induced MHC II and
iNOS expression. In this way, amastigotes may replicate in
IFN-y-unresponsive macrophages without compromising the
survival of these cells.

The mechanism by which L. donovani amastigotes disrupt
the STATla-importin-a5 association remains to be eluci-
dated. One attractive hypothesis is that a parasite-derived mol-
ecule binds to and sequesters away activated STAT1a or im-
portin-a5 or acts on a pathway that regulates the interaction
between STATla and importin-a5. Analogous mechanisms
have been described for viruses (13, 30, 31). However, the
seclusion of Leishmania amastigotes within a parasitophorous



3742 MATTE AND DESCOTEAUX

Uninfected Amastigotes
0 15 30 0 15 30 IFN-y (min)
[ — - e STAT1a
Importin-a5
(IgG)

IP: Importin-a5
e — — — — —
— D WD e S S STAT1a

LS

Total extracts

[ =

o

%  3.57 m Uninfected

=3 34 @ Amas.

(5}

8525,

EL 15; *

é E 1. o *k
rf 0.5

£ o

o 0 15 30 IFN-y (min)

FIG. 7. L. donovani amastigotes block STAT1a association with
importin-a5 in response to IFN-y. Adherent BMMs were infected with
freshly isolated L. donovani amastigotes for 18 h at a parasite-to-cell
ratio of 20:1 and then stimulated with 100 U/ml IFN-y for the indi-
cated times. Total cell extracts were immunoprecipitated using an
anti-importin-a5 antibody, as described in Materials and Methods.
Immune complexes and whole-cell extracts (input) were subjected to
Western blot analysis using antibodies against the STAT1a C terminus
and importin-a5. As immunoprecipitated importin-a5 is masked by
the anti-importin-a5 antibody heavy chain (IgG), the band intensities
for immunoprecipitated STAT1a were normalized to the intensity for
a nonspecific band. Values are expressed as the fold difference from
the results for the unstimulated, uninfected sample and represent the
means * SDs of three independent experiments. *, P < 0.05; %, P <
0.02.

vacuole supposes the existence of a mechanism allowing a
putative parasite effector to cross the vacuole membrane and
to thwart the association of STAT1a with importin-a5. The
recently described Leishmania exosome-based secretion mech-
anism may play a role in this process (38). Alternatively, the
elevated ceramide levels observed in L. donovani-infected
macrophages (14) may interfere with the nuclear import of
importin-a5 (10). Clearly, disruption of the association be-
tween STATla and importin-a5 by L. donovani amastigotes
provides a unique system with which to study the regulation of
this association, for which little is currently known.

While the biological implications of Ser727 phosphorylation
on STATla transcriptional activity are well characterized (7,
41, 42), the underlying mechanism of Ser727 phosphorylation
in response to IFN-y is still poorly understood. Recent studies
using immortalized mouse embryonic fibroblasts showed that
IFN-vy-induced STATla Ser727 phosphorylation requires
prior Tyr701 phosphorylation, nuclear translocation, and a sta-
ble association of STAT1a with chromatin (35). Our observa-
tion that L. donovani amastigotes interfere with STAT1a nu-
clear import without affecting Ser727 phosphorylation suggests
that this phosphorylation event occurs in the cytoplasm in
macrophages and raises the hypothesis that distinct mecha-
nisms may regulate STATla Ser727 phosphorylation in re-
sponse to IFN-vy in these two cell types.

In conclusion, this study brings to light a novel mechanism
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exploited by Leishmania parasites to disrupt a key signaling
cascade associated with macrophage activation, whereby
the amastigote stage prevents the nuclear translocation of
STATl1a in response to IFN-y by blocking its interaction with
importin-a5. Identification of the host and parasite compo-
nents involved in this inhibition will be crucial to our under-
standing of Leishmania pathogenesis. As Toxoplasma gondii
was reported to inhibit STAT1 nuclear translocation (21), fu-
ture studies may reveal whether disruption of the STAT1a—
importin-a5 interaction is a strategy used by other intracellular
protozoan parasites to prevent STATla-mediated gene ex-
pression.
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