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Leishmania, an obligate intracellular parasite, binds several receptors to trigger engulfment by phagocytes, leading to cutaneous
or visceral disease. These receptors include complement receptor 3 (CR3), used by promastigotes, and the Fc receptor (FcR),
used by amastigotes. The mechanisms mediating uptake are not well understood. Here we show that Abl family kinases mediate
both phagocytosis and the uptake of Leishmania amazonensis by macrophages (M�s). Imatinib, an Abl/Arg kinase inhibitor,
decreases opsonized polystyrene bead phagocytosis and Leishmania uptake. Interestingly, phagocytosis of IgG-coated beads is
decreased in Arg-deficient M�s, while that of C3bi-coated beads is unaffected. Conversely, uptake of C3bi-coated beads is de-
creased in Abl-deficient M�s, but that of IgG-coated beads is unaffected. Consistent with these results, Abl-deficient M�s are
inefficient at C3bi-opsonized promastigote uptake, and Arg-deficient M�s are defective in IgG1-opsonized amastigote uptake.
Finally, genetic loss of Abl or Arg reduces infection severity in murine cutaneous leishmaniasis, and imatinib treatment results
in smaller lesions with fewer parasites than in controls. Our studies are the first to demonstrate that efficient phagocytosis and
maximal Leishmania infection require Abl family kinases. These results highlight Abl family kinase-mediated signaling path-
ways as potential therapeutic targets for leishmaniasis.

Leishmania parasites cause cutaneous or visceral disease in 1 to 2
million people a year in the developing world (17). Leishmania

undergoes two life cycle stages: (i) the promastigote, found in the
sand fly, and (ii) the amastigote, found in mammalian hosts.
When an infected sand fly bites a host, the injected promastigotes
must be engulfed by phagocytes to establish infection. The pro-
mastigotes then differentiate into amastigotes within the phagoly-
sosome. If the amastigote finds itself outside a cell, it must be
reengulfed for continued infection (23).

Several M� surface proteins permit Leishmania uptake. Pro-
mastigote internalization is mediated by the fibronectin receptor
(integrin �5�1) (2), the mannose-fucose receptor (63, 64), and
complement receptors CR1 (10) and CR3 (38). Promastigotes
may interact directly with CR3 (49), but binding is facilitated by
opsonization with C3bi, a complement component (22, 37, 40,
45). Both CR3 and the Fc receptor (FcR) mediate amastigote up-
take (16); interactions with the latter are facilitated by IgG op-
sonization (35). The FcR subclass Fc�R, which mediates IgG-me-
diated phagocytosis (33), is most likely responsible for amastigote
uptake by M�s. Indeed, internalization of IgG-opsonized amasti-
gotes via FcR�I and -III sustains infection in murine cutaneous
leishmaniasis (8, 24, 65). Adhesion of Leishmania to any of these
receptors causes an actin-rich phagocytic cup to form and engulf
the parasite (30). Our study explores the requirement for actin
regulatory proteins in efficient Leishmania internalization.

The Abl family kinases Abl and Arg translate signals from ad-
hesion and growth factor receptors into cytoskeletal structural
changes (1, 43). Integrin engagement stimulates Abl family ki-
nases to interact with and phosphorylate activators of the actin-
polymerizing Arp2/3 complex in fibroblasts (5, 27, 28, 29, 34, 36,
61), causing dynamic cell edge protrusions resembling phagocytic
intermediates. Interestingly, Abl family kinases have been impli-
cated in endocytosis (21, 58, 59), macropinocytosis (13), and au-
tophagy (66). They are also required for infectivity of viruses such
as polyomavirus (56) and poxviruses (46, 47). Their precise roles

in phagocytosis are less clear, although they are necessary for in-
ternalizing HIV (18) and bacteria such as Shigella (5), Salmonella
(31) and mycobacteria (41). RNA interference (RNAi) screens
have implicated Abl family kinases in the uptake of Pseudomonas
(44) and Chlamydia (14). Imatinib, an Abl/Arg inhibitor, de-
creases uptake of zymosan particles (a yeast cell wall derivative)
(11). However, roles for Abl and Arg in the uptake of Leishmania
or other parasites by M�s have not been explored.

We report that Abl and Arg play complementary, nonredun-
dant roles in the phagocytosis of opsonized beads and Leishmania.
Genetic loss of Abl function significantly reduces complement-
mediated phagocytosis, while Arg activity is required for efficient
immunoglobulin-mediated phagocytosis. Consistent with this re-
sult, Abl permits uptake of complement-opsonized L. amazonen-
sis promastigotes, likely through CR3, while Arg mediates uptake
of IgG-opsonized amastigotes, most likely via Fc�RIII. In addi-
tion, using imatinib or mice lacking either Abl or Arg, we show
that Abl family kinases facilitate infection in murine cutaneous
leishmaniasis. Our results implicate cytoskeletal-based cell inva-
sion pathways as promising drug targets to combat leishmaniasis.

MATERIALS AND METHODS
Mice. C57BL/6 mice were purchased from Jackson Laboratory (Bar Har-
bor, ME). Abl and Arg knockout mice (abl�/� and arg�/�) are in a mixed
C57BL/6 � 129Sv/J genetic background as described previously (25).
Mice lacking Abl in hematopoetic and endothelial cells, some in an arg�/�
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background (double knockout [dKO]), were generated by crossing mice
carrying floxed Abl alleles (36) with mice carrying the Tie2-Cre allele (26)
(generously provided by Richard Flavell, Yale Immunobiology). The
arg�/� and ablflox/flox/Tie2-Cre� mice used in in vivo infection experi-
ments (as well as dKO mice) were all backcrossed to C57BL/6 at least 4
times during generation. All experiments, particularly the in vivo infection
experiments using genetically manipulated mice, were performed with
wild-type littermates (WTLM) to control for genetic background. The
Institutional Animal Care and Use Committee at Yale University ap-
proved all experimental protocols.

Cell culture. For opsonized bead experiments using imatinib and
CR3/FcR blocking experiments, RAW 264.7 cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% heat-inactivated, en-
dotoxin-free fetal bovine serum (FBS) (Invitrogen, Grand Island, NY).
For other experiments, cells were harvested from the tibias and femurs of
WTLM, abl�/�, arg�/�, and arg�/� ablflox/flox/Tie2-Cre� mice and differ-
entiated into bone-marrow-derived (BM) primary M�s (WT or WTLM,
abl�/�, arg�/�, or dKO) over 7 days by growing them in a mixture of
DMEM, 10% FBS, and 20% supernatant from L929 cells. Differentiation
into BM M�s was confirmed by fluorescence-activated cell sorter (FACS)
using antibodies to F4/80 and C11b (eBioscience, San Diego, CA); over
98% of differentiated cells were positive for both markers.

Parasite culture. Leishmania amazonensis promastigotes (strain
MHOM/BR/767/LTB0016) were grown at 24°C in Schneider’s Drosophila
medium supplemented with 15% heat-inactivated, endotoxin-free FBS
and 10 �g/ml gentamicin (24). For M� invasion, promastigotes were
incubated at stationary phase for 7 days to maximize infective metacyclic
promastigotes, which we defined as those isolated after purification at
3,000 � g for 30 min through a step Percoll gradient (Sigma, St. Louis,
MO). For experiments with L. amazonensis amastigotes, strain IFLA/BR/
67/PH8 (kindly provided by Norma Andrews, University of Maryland)
was grown axenically at 32°C in M199 (Invitrogen) at pH 4.5 supple-
mented with 20% FBS, 1% penicillin-streptomycin, 0.1% hemin (25
mg/ml in 50% triethanolamine), 10 mM adenine, 5 mM L-glutamine,
0.25% glucose, 0.5% Trypticase, and 40 mM sodium succinate (20).
Where indicated, promastigotes and amastigotes were incubated in me-
dium containing dimethyl sulfoxide (DMSO) or 3.3 �M imatinib (LC
Laboratories, Woburn, MA) to monitor for effects on parasite growth.
Both strains were passaged through mice to maintain virulence.

Immunoblotting. WT, abl�/�, arg�/�, or dKO M�s were lysed in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, 150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) (27), and
the protein concentration was assessed using bicinchoninic acid (BCA)
(Thermo Scientific, Waltham, MA). Lysates were run on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes. Abl was visualized with
mouse anti-24-11 (Santa Cruz, Santa Cruz, CA) at 1:1,000. Arg was visu-
alized with a rabbit polyclonal antibody, as previously described (25) at
1:250. Immunoblotting with mouse antiactin (Millipore, Billerica, MA) at
1:10,000 was performed as a loading control.

To measure relative Abl or Arg activation after receptor engagement,
phorbol-12-myristate-13-acetate (PMA; Sigma)-activated, macrophage
colony-stimulating factor (M-CSF)-starved WT, abl�/�, arg�/�, or dKO
M�s were added to dishes that were coated with C3bi or rabbit IgG1
(Sigma) for 15 min and lysed with a buffer of 20 mM Tris, 150 mM NaCl,
2 mM EDTA, and 1% Triton X-100 that contained protease and phospha-
tase inhibitors (61). Lysates of WT M�s allowed to spread on uncoated
dishes were run to confirm that Crk was phosphorylated in response to
CR3 or FcR engagement. Equivalent micrograms of protein were loaded
onto 10% SDS-PAGE gels and transferred to nitrocellulose membranes.
Membranes were probed with anti-phosphorylated Crk (anti-pCrk; Cell
Signaling, Beverly, MA) at 1:1500 and then stripped and reprobed for Crk
(Santa Cruz) at 1:500 to confirm protein levels. Relative levels of pCrk,
normalized to Crk, were compared among samples using Image J analysis
software. Each experiment was performed 5 times. Statistical significance
was assessed with one-way analyses of variance (ANOVA).

Phagocytosis assays. Primary M�s or RAW 264.7 cells, as indicated,
were incubated overnight in M-CSF-starved media or serum-free media,
respectively. Experiments were performed at 	50% confluence. For drug
experiments, M�s were preincubated in 3.3 �M imatinib or DMSO
(Sigma) for 2 h. Where indicated, RAW cells were incubated in M1/70
supernatant (rat isotype IgG2b; Developmental Studies Hybridoma Bank,
University of Iowa) at 1:10 for 20 min to block CR3 or F16/32 (also rat
IgG2b; eBioscience) at 1:50 to block Fc�RII and -III. An irrelevant anti-
body of the same isotype also did not affect uptake. For C3bi experiments,
2-�m-diameter latex yellow-green beads (Sigma) were coated with hu-
man IgM (Sigma) at 1:100 for 1 h at 37°C incubated in freshly isolated
mouse serum diluted 1:1 in phosphate-buffered saline (PBS) for 1 h at
37°C. For IgG experiments, beads were incubated with rabbit IgG (Sigma)
diluted 1:250 for 1 h at 37°C. Prior to C3bi bead uptake, M�s were acti-
vated with PMA (Sigma) for 1 h. M�s were incubated with a ratio of 10 to
15 particles per cell for 30 min at 37°C. Rates of uptake were compared
between opsonized and unopsonized beads to monitor for opsonization
effectiveness. Opsonization was confirmed by FACS analysis using a goat
polyclonal antibody to C3b (Pierce, Rockford, IL) and an A568-conju-
gated donkey anti-goat secondary antibody (Invitrogen) or an A488-con-
jugated goat anti-rabbit secondary antibody for IgG (Invitrogen). After
uptake, coverslips were rinsed, fixed with 3% formaldehyde for 15 min,
and blocked with 2% bovine serum albumin (BSA) without permeabili-
zation. Coverslips with C3bi-coated beads were incubated with rabbit
anti-human IgM (Sigma) at 1:250. All coverslips were labeled with A594-
conjugated goat anti-rabbit secondary antibody (Invitrogen) at 1:250.
Coverslips were permeabilized with 0.25% Triton for 10 min, and stained
with DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen). This process,
termed a “two-color immunofluorescence assay” (62), allowed us to dis-
tinguish the beads that were internalized from those that remained out-
side cells. Fluorescence was visualized on a Nikon Eclipse TE2000-5 in-
verted fluorescence microscope with a 40� Nikon objective (1.0 aperture)
by an observer blinded to the experimental treatment. At least 10 ran-
domly selected fields were visualized for a total of at least 100 M�s and
over 100 beads per experimental determination. The mean phagocytic
index (PI), the number of particles internalized per 100 cells, was calcu-
lated for each experiment. The phagocytic index for control cells was
taken as the maximum value (100%) for each experiment; the phagocytic
index for the Abl kinase-deficient cells was determined and compared to
that of the control. Means 
 standard errors (SE) were calculated, and
each experiment was performed at least three times. One-sample Stu-
dent’s t tests were performed to assess statistical significance. The repre-
sentative images shown in Fig. 1 and 2 were taken with a Qimaging cooled
charge-coupled device (CCD) camera (mono, 12 bit) at room tempera-
ture, acquired with Nikon Imaging software, and processed in Adobe
Photoshop.

Zymosan particles (Sigma) were used to determine kinetics of the
effect of imatinib treatment. Primary M�s were incubated with 3.3 �M
imatinib or DMSO and then incubated with Oregon green-labeled zymo-
san at a ratio of 5 particles per M� for up to 3 h prior to fixation and
processing for two-color immunofluorescence (IF). Fixed coverslips were
incubated with rabbit antizymosan (Sigma) and A594-conjugated goat
anti-rabbit secondary antibody (Invitrogen), both at 1:250, prior to visu-
alization and quantification of the PI.

For imaging and quantification of phagocytic cups in WT, abl�/�,
arg�/�, or dKO M�s, 4-�m-diameter Far-red beads (Bangs Laboratories,
Fishers, IL) were opsonized, then added to cells for 10 min. Cells were
fixed, and phagocytic cups were labeled with Oregon Green phalloidin
(1:100; Invitrogen). For the z-stack merges shown, phagocytic cups were
imaged with a Nikon Ti-E Eclipse inverted spinning-disk confocal micro-
scope with a 1-�m step size and photographed with a 14-bit Hamamatsu
(C9100-50) electron-multiplied, charge-coupled device (EMCCD). Im-
ages were converted to TIFF format, and the middle three layers of the
phagocytic cup were merged using ImageJ. For quantification, 50 cups per
category from multiple experiments were measured by an observer
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blinded to genotype using ImageJ and categories were compared using
one-way ANOVA. Relative intensity of phagocytic cups was also mea-
sured to control for differences in cell thickness and did not decrease in
knockout macrophages.

Leishmania uptake assays. Primary mouse bone marrow-derived
M�s were employed for all assays except the phagocytic receptor blocking
experiments, which employed RAW cells. For imatinib assays, M�s were
incubated with 3.3 �M imatinib for 2 h prior to the assay. For C3bi op-
sonization experiments, metacyclic promastigotes were incubated with
freshly isolated mouse serum for 1 h, and M�s were activated with PMA
for 1 h prior to experiments. Amastigotes were opsonized with anti-P8 –
proteoglycolipid complex (monoclonal antibody IgG1) (42) for 1 h. Op-
sonization was confirmed as above. Where indicated, RAW cells were
incubated for 20 min in M1/70 supernatant (Developmental Studies Hy-
bridoma Bank) at 1:10 to block CR3 or F16/32 (eBioscience) at 1:50 to
block Fc�RII and -III. Coverslips containing primary M�s or RAW cells
were incubated with metacyclic promastigotes at a ratio of 10:1 or with
amastigotes at a ratio of 2:1 for 90 min (unopsonized) or for 20 min
(opsonized), unless otherwise indicated, and washed prior to fixation with
3% paraformaldehyde. External promastigotes were labeled with mouse
anti-gp46 (48), while external amastigotes were labeled with mouse anti-
P8. All coverslips were labeled with A594-conjugated goat anti-mouse
secondary antibody (Invitrogen). After permeabilization, promastigotes
were relabeled with mouse anti-gp46, and amastigotes were relabeled with
mouse anti-P8 and A488-conjugated goat anti-mouse secondary anti-
body (Invitrogen); coverslips were costained with DAPI. Rates of uptake
at 20 min were compared between opsonized and unopsonized parasites
to monitor opsonization efficiency. For all experiments, at least 10 ran-
domly selected fields were visualized containing at least 100 M�s and at
least 100 parasites per experimental determination. All experiments were
performed 3 times unless otherwise indicated.

Complementation experiments. Primary BM M�s were isolated
from dKO mice and nucleofected (Lonza, Basel, Switzerland) with plas-
mids containing Arg conjugated with yellow fluorescent protein (Arg-
YFP), Abl-YFP, or YFP alone (36, 60). WT M�s were also transfected with
YFP as a control for nucleofection. All M�s were immediately plated and
selected in G418 (Invitrogen) for 5 days prior to experiments. Phagocy-
tosis assays with C3bi- or IgG-coated beads were performed as described
above.

Murine infections. For all mice, 1 � 106 metacyclic promastigotes
suspended in PBS were injected subcutaneously in the dorsal right hind
foot. For imatinib- or DMSO-treated C57B/6 mice, between 4 and 8 mice
per group were infected per experiment and three independent experi-
ments were performed. For imatinib treatment, mice were given 200 mg/
kg/day of imatinib (LC Laboratories) in their drinking water or DMSO
(the diluent) starting 4 days prior to infection and continuing throughout
the experiment. Water intake was monitored by bottle weight to ensure
appropriate dosing. For arg�/� mice and their littermate controls, be-
tween 4 and 5 mice per group were infected per experiment, and two

FIG 1 Abl family kinases are required for optimal phagocytosis. (A and B)
Imatinib decreases C3bi- and IgG-opsonized bead uptake. BM M�s or RAW
264.7 cells were treated with 3.3 �M imatinib or DMSO for 2 h. Ten C3bi- or
IgG-opsonized beads were incubated per M� for 30 min at 37°C. Two-color IF
distinguished between intracellular (green) and extracellular (orange) beads.
Nuclei are labeled with DAPI. (A) Image of C3bi-opsonized bead uptake by
BM M�s treated with DMSO (top) or imatinib (bottom). The left panels show
representative fields; the right panels show enlarged areas (boxed). Left scale
bar, 20 �m; right scale bar, 5 �m. (B) Imatinib inhibits phagocytosis. Bars
show the mean phagocytic index (PI) 
 standard error (SE) for RAW 264.7
cells treated with 3.3 �M imatinib normalized to the DMSO-treated PI
(100%) for each experiment. **, P � 0.0063for C3bi-coated bead uptake by
DMSO versus imatinib-treated cells, and P � 0.0093 for IgG-coated bead
uptake by DMSO versus imatinib-treated cells, by one-sample t test (n � 3
experiments). (C) Imatinib does not affect adhesion. Bars show percentages
of adhered beads per 100 imatinib-treated RAW 264.7 cells compared to

DMSO-treated cells from the experiment shown in panel B. (D) The relative
decrease in PI in imatinib-treated M�s does not change even after 3 h of
incubation. M�s were treated with DMSO or 3.3 �M imatinib prior to incu-
bation with zymosan particles for the time indicated. The PI is shown for each
time point of imatinib-treated M�s, normalized to DMSO-treated M�s at the
first time point. Shown is one representative experiment of two experiments.
(E) Immunoblots of Arg and Abl expression in BM M�s isolated from WT,
arg�/�, abl�/�, or arg�/� ablflox/flox/Tie2-Cre� (dKO) mice. dKO M�s express
low levels of a truncated, kinase-inactive form of Abl (indicated by arrow) that
migrates 10 kDa faster than full-length Abl on immunoblots. Actin is a loading
control. (F) M�s lacking Arg with decreased Abl levels (dKO) have phagocytic
defects. The graph shows the normalized mean PI 
 SE for dKO M�s com-
pared to WTLM M�s (abbreviated “WT”). *, P � 0.035 for C3bi-coated bead
uptake by WTLM versus dKO M�s, and P � 0.019 for IgG-coated bead uptake
by WTLM versus dKO M�s, by one-sample t test. (n � 3 experiments).
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independent experiments were performed. For ablflox/flox/Tie2-Cre� and
their littermate controls, between 4 and 8 mice per group were infected
per each of two duplicate experiments. Lesion size was monitored weekly
with a dial gauge caliper. The ratio of the infected to the uninfected hind
foot was calculated (7). Both the control and Abl family kinase-deficient
groups were compared to their respective degree of swelling at week 0 by
ANOVA. Parasite burdens within lesions were assessed by limiting dilu-
tion upon sacrifice between weeks 12 and 20 (7).

Spleens from infected DMSO- versus imatinib-treated mice were har-
vested for cytokine profiling (53–55). Briefly, spleen cells were prepared in
RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated FBS,
5 � 10�5 M 2-mercaptoethanol (Sigma), and 100 �g of penicillin-strep-
tomycin sulfate/ml. Cells were plated and stimulated with promastigote
lysates (equivalent to 2 � 106 to 2 � 107 parasites per well, as indicated) or
concanavalin A (ConA) (5 �g/ml; Sigma). Supernatants were harvested
after 72 h of incubation and stored at �70°C until the levels of tumor
necrosis factor (TNF-�), interleukin-4 (IL-4), IL-10, IL-17, or gamma
interferon (IFN-�) were measured with specific enzyme-linked immu-
nosorbent assays (ELISAs) (BD Biosciences). Background cytokine levels
were determined by using supernatants from unstimulated cell popula-
tions.

RESULTS
Abl family kinases are required for efficient phagocytosis. To
test if Abl and Arg might facilitate phagocytosis, we determined if
imatinib affected C3bi or polyclonal IgG-opsonized bead uptake.

We used two-color immunofluorescence (IF) to distinguish inter-
nalized from adherent beads and measured the phagocytic index
(PI) after 30 min of incubation in the presence of imatinib or
DMSO (Fig. 1A). Treatment of RAW 264.7 cells with 3.3 �M
imatinib decreased the PI for C3bi- and IgG-coated beads by
53.0% 
 4.2% and 70.8% 
 6.9%, respectively, relative to that for
controls (Fig. 1B). Similar results were observed for primary bone-
marrow-derived (BM) M�s (data not shown). Opsonized beads
bound to imatinib-treated RAW 264.7 cells at levels indistinguish-
able from those in controls (Fig. 1C), indicating that decreased
invasion did not simply result from reduced adhesion. Internal-
ization defects also persisted over long incubations (up to 3 h),
demonstrating that imatinib-treated M�s did not overcome
phagocytic defects even if significant time elapsed (Fig. 1D).

Imatinib also inhibits other kinases, such as c-KIT receptor
tyrosine kinase and platelet-derived growth factor receptor
(PDGFR) (3), both of which, like Abl family kinases, can direct
actin cytoskeleton remodeling. To specifically test the require-
ment for Abl and Arg in phagocytosis, we isolated BM M�s from
mice lacking Abl (abl�/�) or Arg (arg�/�) and wild type litter-
mates (WTLM). M�s cannot be recovered from mice with germ
line deletions of both Abl and Arg, which die at midgestation (25).
Instead, we employed a conditional knockout strategy using a he-
matospecific/endothelial-specific Cre allele (Tie2-Cre) (26) to in-

FIG 2 Abl facilitates complement-mediated phagocytosis, while Arg governs immunoglobulin-mediated phagocytosis. (A and B) abl�/� M�s exhibit defects in
complement-mediated phagocytosis. (A) Images of C3bi-opsonized bead uptake by WTLM (top, labeled “WT”) and abl�/� (bottom) M�s. Left panels,
wide-field images; right panels, enlarged areas (boxed). M�s were incubated with beads and processed as in Fig. 1E. Scale bar, 20 �m in the left panels and 7 �m
in the right panels. (B) Graph showing the mean PI 
 SE for C3bi-opsonized beads by abl�/� and arg�/� M�s, normalized to WTLM (100%). *, P � 0.032 for
WTLM versus abl�/� M�s by one-sample t test (n � 3 experiments). (C) Abl-YFP expression corrects C3bi-mediated phagocytic defects of dKO M�s. Shown
is the mean PI 
 SE for C3bi-opsonized bead uptake by Abl-YFP, Arg-YFP, and YFP-complemented M�s, normalized to WTLM M�s. *, P � 0.05, and **, P �
0.01, by one-way ANOVA (n � 3 experiments). (D and E) arg�/� M�s have defects in immunoglobulin-mediated phagocytosis. (D) Image of IgG-opsonized
bead uptake by WTLM (top) and arg�/� (bottom) M�s. Coverslip processing, panels, and scale bars are as in panel A. (E) Graph showing mean PI 
 SE for
IgG-opsonized bead uptake by abl�/� and arg�/� M�s, normalized to WTLM M�s. *, P � 0.028 for WTLM versus arg�/� M�s by one-sample t test (n � 4
experiments). (F) Arg-YFP expression corrects IgG phagocytic defects in dKO M�s. Shown is the mean PI 
 SE for IgG-coated bead uptake by Abl-YFP-,
Arg-YFP-, and YFP-complemented M�s, normalized to WTLM M�s. *, P � 0.05, and **, P � 0.01 by one-way ANOVA (n � 3 experiments).
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activate a floxed abl allele in an arg�/� genetic background
(arg�/� ablflox/flox/Tie2-Cre�, henceforth termed dKO). dKO M�s
lack Arg and full-length Abl, although they express low levels of a
truncated form of Abl lacking exon 5 (Fig. 1E). This isoform, also
observed after brain-specific recombination of the floxable abl
allele (36), migrates 10 kDa faster than Abl on immunoblots and
lacks kinase activity. When dKO M�s were incubated with C3bi-
or IgG-coated beads, the PI was reduced by 34.7% 
 6.7% and
37.8% 
 5.3%, respectively (Fig. 1F). This reduction was smaller
than that observed following treatment with imatinib, possibly
due to inhibition of other kinases involved in phagocytosis (3). In
combination, however, these results demonstrate that Abl and Arg
are necessary for optimal complement- or immunoglobulin-me-
diated phagocytosis.

Abl promotes complement-mediated phagocytosis, while
Arg mediates immunoglobulin-mediated phagocytosis. To de-
lineate the specific contributions of Abl or Arg to phagocytosis, we
examined bead uptake by M�s isolated from abl�/�, arg�/�, or
WTLM mice. Surprisingly, abl�/� M�s were less able to phagocy-
tose C3bi-coated beads; their PI decreased by 65.2% 
 11.9%
from WTLM M�s (Fig. 2A and B). However, abl�/� M�s phago-
cytosed IgG-coated beads at efficiencies that were indistinguish-
able from those of WTLM M�s (Fig. 2E). Defects in complement-
mediated phagocytosis were specifically due to loss of Abl, as dKO
M�s reexpressing Abl-YFP phagocytosed C3bi-coated beads effi-
ciently (Fig. 2C). Interestingly, arg�/� M�s took up C3bi-coated
beads as well as WTLM M�s (Fig. 2B), but had a significantly
reduced ability to engulf IgG-coated beads (by 36.8% 
 9.2%)
(Fig. 2D and E). Complementation of dKO M�s with Arg-YFP
restored efficient phagocytosis of IgG-coated beads (Fig. 2F). Col-
lectively, these data indicate that Abl mediates complement-me-
diated phagocytosis, while Arg governs immunoglobulin-medi-
ated phagocytosis.

Having established that Abl contributes to complement-medi-
ated phagocytosis and Arg contributes to immunoglobulin-medi-
ated phagocytosis, we tested whether the activities of these kinases
were differentially responsive to activation of their respective re-
ceptors. The Crk adaptor protein is required for efficient phago-
cytosis and is a substrate of both Abl and Arg (1). Reduced Crk
phosphorylation has been observed in cells lacking Abl and Arg
during Shigella uptake (5). We thus used Crk phosphorylation in
WT, dKO, abl�/�, and arg�/� M�s to measure the relative con-
tributions of each kinase to Crk phosphorylation following
engagement of the distinct uptake receptors. Initially, we demon-
strated that CR3 or FcR engagement stimulates Crk phosphoryla-
tion in WT M�s (Fig. 3). We found that during FcR engagement,
Crk phosphorylation is reduced in arg�/� and dKO M�s by
70.6% 
 11.9% and 54.2% 
 12.7%, respectively, compared to
that in WT M�s (Fig. 3A and B). However, IgG-induced Crk
phosphorylation is unaltered in abl�/� M�s relative to that in the
WT M�s (Fig. 3A and B). We also found that Crk phosphoryla-
tion during CR3 engagement is reduced in abl�/� and dKO M�s
by 49.3% 
 13.5% and 65.0 
 9.1%, respectively, compared to
that in WT M�s; C3bi-mediated Crk phosphorylation is unal-
tered in arg�/� M�s (Fig. 3C and D). Together, these data indicate
that Abl and Arg contribute differentially to Crk phosphorylation
in response to signaling from CR3 and the FcR.

To determine if the incipient phagocytic cups in abl�/� and
arg�/� M�s differed from those in control cells during phagocy-
tosis, we stained F-actin with phalloidin in actively phagocytosing

M�s. We found that F-actin-rich phagocytic cups are larger in
arg�/� and dKO M�s undergoing IgG-mediated phagocytosis
(Fig. 4A and B) than those in WT M�s. The phagocytic cups in
arg�/� M�s also contained multiple ring-like structures not seen
in WT M�s (Fig. 4A). When we examined abl�/� and dKO M�s
undergoing complement-mediated phagocytosis, we found that
abl�/� and dKO M�s had larger phagocytic cups that were less
tightly organized around the particle being internalized than those
of the WT M�s (Fig. 4A and C).

Abl mediates promastigote engulfment. CR3 helps mediate
promastigote uptake, while the FcR has been implicated in amas-
tigote uptake. Thus, we hypothesized that M�s would require Abl
for efficient promastigote uptake, whereas Arg would be needed
for amastigote uptake. We first determined the time course for

FIG 3 Arg and Abl stimulate Crk phosphorylation following engagement of
the FcR and CR3 receptors, respectively. (A and B) Phosphorylation of the
Abl/Arg substrate CrkII (pCrk) induced upon FcR engagement is decreased in
arg�/� and dKO M�s compared to WT or abl�/� M�s. M-CSF-starved-M�s
were adhered to uncoated plates (�IgG) or plates coated with mouse IgG1
(�IgG) for 15 min before lysis and processing for immunoblotting with an
antibody to pCrk. (A) Representative immunoblot of pCrk (top) and total Crk
(bottom) in WT M�s (
 IgG) and IgG-stimulated arg�/�, abl�/� and dKO
M�s. (B) Graph showing relative levels of pCrk, normalized to Crk levels,
among WT (
IgG), arg�/�, abl�/�, and dKO M�s. Relative levels of pCrk for
each category have been normalized to the level in IgG-treated WT M�s. *, P �
0.05 by ANOVA when pCrk levels in starred categories are compared to IgG-
stimulated WT or abl�/� M�s (n � 5 experiments). (C and D) CR3 engage-
ment-induced Crk phosphorylation is decreased in abl�/� and dKO M�s
compared to WT or arg�/� M�s. M�s were added to uncoated plates (�C3bi)
or C3bi-coated plates (�C3bi) for 15 min before processing as described
above. (C) Representative immunoblot of pCrk (top) and Crk (bottom) in
C3bi-stimulated WT, arg�/�, abl�/�, and dKO M�s and unstimulated WT
M�s. (D) Graph showing relative levels of pCrk, normalized to Crk, among
unstimulated WT M�s and C3bi-stimulated WT, arg�/�, abl�/�, and dKO
M�s. *, P � 0.05 by ANOVA if pCrk levels in starred categories are compared
to levels in either WT or arg�/� M�s (n � 5 experiments).
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engulfment of C3bi-opsonized L. amazonensis promastigotes, as
occurs during infection (39), compared to promastigotes that had
been grown in culture. Cultured promastigotes required 90 min to
near maximal levels of cell entry (Fig. 5A). Opsonization of pro-
mastigotes with C3bi increased uptake efficiency significantly at
early time points, but the effects of opsonization decreased over
time (Fig. 5B). Treatment of M�s with 3.3 �M imatinib decreased
internalization of cultured promastigotes by 54.8% 
 8.6%, that
of C3bi-opsonized promastigotes by 53.3% 
 5.6%, and that of
IgG1-opsonized promastigotes by 48.7% 
 8.8% (Fig. 5C). These
uptake defects persisted over 3 h (Fig. 5D). However, 3.3 �M
imatinib did not affect the growth of promastigotes in culture
(Fig. 5E), indicating that it does not act directly on the parasites.

M�s lacking both Arg and Abl have defects in C3bi-opsonized
promastigote uptake, which decreased by 32.9% � 2.7% (Fig. 5F).
As C3bi-opsonized promastigotes should interact with CR3, we
tested whether abl�/� M�s were less efficient at engulfing op-
sonized promastigotes. Indeed, uptake of C3bi-opsonized pro-
mastigotes decreased in abl�/� M�s by 42.5% 
 2.9% (Fig. 5G).
However, arg�/� M�s had no defects in C3bi-opsonized promas-
tigote uptake (Fig. 5G). An antibody to CR3 prevented opsonized
promastigote uptake (Fig. 5H), indicating that uptake of C3bi-
opsonized promastigotes occurred through CR3, as previously
shown (38).

Arg mediates amastigote engulfment. We next examined in-
ternalization of amastigotes by M�s. Amastigotes isolated from
infected animals are coated with IgG (8), making this condition
the most physiologically relevant. Similar to C3bi-opsonized pro-
mastigotes, IgG1-opsonized L. amazonensis amastigotes were
readily engulfed by M�s in 20 min (data not shown). A concen-
tration of 3.3 �M imatinib did not affect the growth of amasti-
gotes in culture (Fig. 6A). Nevertheless, imatinib decreased unop-

sonized amastigote uptake by 45.9% 
 2.2%, C3bi-opsonized
amastigote uptake by 50.3% 
 5.8%, and IgG1-opsonized amas-
tigote uptake by 47.1% 
 3.7% (Fig. 6B). Both dKO and arg�/�

M�s were less efficient at engulfing IgG1-opsonized amastigotes:
the PI decreased by 44.5% 
 8.9% and 46.2% 
 8.8%, respec-
tively, from that of the WT (Fig. 6C and D). abl�/� M�s had no
defects in the uptake of IgG1-opsonized amastigotes (Fig. 6D). An
antibody to FcR�III prevented IgG1-opsonized amastigote uptake
(Fig. 6E), demonstrating that uptake of IgG1-opsonized amasti-
gotes occurred through FcR�III, as previously shown (65).

In summary, and consistent with the opsonized bead data,
C3bi-opsonized Leishmania promastigotes trigger Abl-mediated
engulfment, most likely by binding CR3, whereas IgG1-opsonized
amastigotes likely bind Fc�RIII and initiate Arg-mediated engulf-
ment.

Reduction of Abl family kinase function lessens lesion sever-
ity in murine cutaneous leishmaniasis. Since engulfment by
phagocytes is required for parasite survival, we hypothesized that
drug inhibition or genetic loss of Abl or Arg might reduce Leish-
mania pathogenesis in vivo. Therefore, we used L. amazonensis in
the C57BL/6 mouse model of cutaneous leishmaniasis. Mice were
treated with 200 mg/kg of body weight/day of oral imatinib or
DMSO (the diluent) starting 4 days before inoculation and con-
tinuing for the experimental duration. Footpad swelling (i.e., le-
sion development) was followed over time. Imatinib-treated mice
reproducibly had smaller lesions that developed later than those of
controls (Fig. 7A). We hypothesized that the smaller lesions ob-
served in imatinib-treated mice would contain fewer parasites,
consistent with the M� internalization defects. Quantification of
parasite burden by limiting dilution (7) revealed a 6- to 16-fold
decrease in parasites isolated from imatinib-treated lesions rela-
tive to controls (Fig. 7D).

FIG 4 Loss of Arg or Abl yields large F-actin-rich phagocytic cups during immunoglobulin-mediated or complement-mediated phagocytosis. (A) Three
examples of WT and arg�/� M�s undergoing immunoglobulin-mediated phagocytosis (�IgG), as well as WT and abl�/� M�s undergoing complement-
mediated phagocytosis (�C3bi). M�s were incubated with red beads and fixed/permeabilized. F-actin was labeled with green phalloidin. Left panel, actin alone;
right panel, merged actin and bead. Scale bar, 5 �m. (B) Phagocytic cups in cells undergoing IgG-mediated phagocytosis are larger in arg�/� and dKO M�s than
in controls. The graph shows the average area of phagocytic cups (normalized to WT) in WT, abl�/�, arg�/�, and dKO M�s. *, P � 0.05 for arg�/� or dKO M�s
compared to WT or abl�/� M�s by one-way ANOVA. The difference between WT and abl�/� M�s is not statistically significant. (C) Phagocytic cups in cells
undergoing complement-mediated phagocytosis are larger in abl�/� and dKO M�s than in controls. Normalization performed as for panel B. *, P � 0.05 for
abl�/� or dKO M�s compared to WT and arg�/� M�s by one-way ANOVA.
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Mice lacking Abl have immunological defects, including de-
fects in T cell development and function (15, 19, 52, 67), and
defective immune responses could alter the pathogenesis of cuta-
neous leishmaniasis. Thus, we isolated spleens from infected
DMSO- and imatinib-treated mice and profiled cytokine secre-
tion after stimulation with high (1 � 107) or low (2 � 106) doses of
parasite lysates (Table 1). Overall, there were no significant differ-
ences in cytokine (TNF, IL-13, IL-10, IL-4, and IL-17) response to
L. amazonensis between splenic cells isolated from DMSO- and
imatinib-treated mice (Table 1), with the exception of IFN-�,
which decreased in imatinib-treated mice at higher antigen stim-
ulation. However, resolution of infection is typically associated
with increased IFN-� (53).

As imatinib inhibits other kinases, we wanted to address if
selective genetic loss of Abl or Arg affected Leishmania pathogen-
esis. Since our mice were not on a pure genetic background, we
infected cohorts of arg�/� or ablflox/flox/Tie2-Cre� mice and their
WTLM with L. amazonensis. arg�/� mice infected with 1 � 106 L.
amazonensis parasites developed lesions more slowly than WTLM
(Fig. 7B). Infected ablflox/flox/Tie2-Cre� mice also developed le-
sions more slowly than WTLM (Fig. 7C). Again, fewer parasites
were recovered from infected arg�/� (Fig. 7E) or ablflox/flox/Tie2-
Cre� (Fig. 7F) mice compared to WTLM. These results indicate
that Abl and Arg are important for the pathogenesis of cutaneous
leishmaniasis.

DISCUSSION

The results provided here are the first to directly demonstrate a
role for Abl family kinases in Leishmania infection. We find that
Abl regulates complement-mediated phagocytosis, while Arg gov-
erns immunoglobulin-mediated phagocytosis. We extend these
studies to L. amazonensis uptake by M�s and show that Abl me-
diates promastigote engulfment, whereas Arg mediates amasti-
gote engulfment. Finally, we demonstrate a role for Abl family
kinases in cutaneous leishmaniasis and show that the Abl/Arg in-
hibitor imatinib decreases lesion development and parasite bur-
den in the mouse model.

Previous work has suggested roles for Abl family kinases in
phagocytosis (5, 11, 14, 31, 41, 44), but Abl and Arg have never
been linked to specific phagocytic receptors. Our work delineates
specific yet complementary roles for Abl and Arg in complement-
mediated and immunoglobulin-mediated phagocytosis, respec-
tively. First, we observe selective defects in bead uptake, as abl�/�

M�s have defects in the uptake of complement-coated beads and
promastigotes, and arg�/� M�s have defects in the uptake of im-
munoglobulin-coated beads and amastigotes. Second, we find
that Abl and Arg both differentially phosphorylate their down-
stream mediator Crk during CR3 and FcR engagement, respec-
tively. To our knowledge, differential responsiveness of Abl versus

FIG 5 Abl mediates promastigote engulfment. (A) Time course for cultured
promastigote uptake. Promastigotes were incubated with primary M�s for the
time indicated, and the PI was calculated. Shown is the absolute PI for a rep-
resentative experiment of two experiments. (B) The effect of C3bi opsoniza-
tion on uptake decreases over time. Shown is the PI 
 SE of cultured and
opsonized promastigotes over time, normalized to the PI of cultured promas-
tigotes at 20 min, from a representative experiment of 2. (C) Imatinib de-
creases uptake of L. amazonensis promastigotes. M�s were treated with 3.3 �M
imatinib or DMSO. Promastigotes were grown in culture (Promastigotes) or
preincubated with mouse serum (�C3bi) or mouse IgG1 anti-gp46 (�IgG)
and incubated with M�s for 20 min (�C3bi, �IgG) or 90 min (Promasti-
gotes). An antibody to gp46 differentiated internalized (green) from external
(orange) promastigotes. The graph shows the average PI 
 SE for imatinib-
treated M�s for cultured promastigotes, C3bi-opsonized promastigotes, and
IgG-opsonized promastigotes, each normalized to their respective DMSO-
treated M�s for 3 experiments. *, P � 0.024 for uptake by DMSO- versus
imatinib-treated M�s for cultured promastigotes, P � 0.011 for C3bi-op-
sonized promastigotes, and P � 0.032 for IgG-opsonized promastigotes by
one-sample t test. (D) Imatinib continues to decrease parasite uptake even
after 3 h. The graph shows the average PI 
 SE for imatinib-treated M�s,
normalized to their respective DMSO-treated M�s. *, P � 0.05 by one-tailed t
test (n � 3 experiments). (E) Imatinib is not toxic to promastigotes. Shown is
a representative experiment of two experiments following promastigotes
per ml of triplicate culture in control, DMSO-treated, or 3.3 �M imatinib-
treated media over 3 days. (F) C3bi-opsonized promastigote uptake is
decreased in M�s lacking Abl and Arg. WTLM versus dKO M�s were
incubated with C3bi-opsonized promastigotes for 20 min. The graph shows
the mean PI 
 SE by dKO M�s, normalized to WTLM M�s (labeled WT). **,

P � 0.0068 for WTLM versus dKO M�s by one-sample t test. (G) Abl mediates
C3bi-opsonized promastigote uptake. The graph shows the mean PI 
 SE by
abl�/� and arg�/� M�s, normalized to WTLM M�s (labeled WT). **, P �
0.0046 for WTLM versus abl�/� M�s by one-sample t test (n � 3 experi-
ments). (H) A CR3-blocking antibody (M1/70) decreases promastigote
uptake. RAW 264.7 cells were preincubated with M1/70 or F16/32 (an FcR
blocking antibody; both rat IgG2) prior to incubation with C3bi-opsonized
promastigotes. The graph shows the mean PI � SE for untreated, M1/70-
treated, or F16/32-treated RAW 264.7 cells. **, P � 0.01 for M1/70-treated
cells by one-way ANOVA (n � 3 experiments).
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that of Arg kinases to distinct upstream receptors has not previ-
ously been shown. Finally, we find that phagocytic cups are larger
and deformed in abl�/� M�s undergoing complement-mediated
phagocytosis and in arg�/� M�s undergoing IgG-mediated
phagocytosis. Thus, abl�/� or arg�/� M�s with phagocytic defects
appear to form unproductive phagocytic cups that are unable to
appropriately internalize beads or parasites. Although they are
similar in overall structure, Abl and Arg differ in sequence, partic-
ularly at their C-terminal regions, as well as in their subcellular
localizations (1). We would anticipate that such differences may
confer distinct roles for these kinases during phagocytosis, as has
been delineated in other aspects of cell biology (43). For example,
Arg, but not Abl, localizes to and is required for invadopodia
function in breast cancer cells (32). An alternate hypothesis is that
Abl and Arg activate additional downstream targets (besides Crk)
that differ between complement- or immunoglobulin-mediated
phagocytosis, such as the hematopoietic cortactin homologue
HS1 (19). Clearly, Abl/Arg-independent mechanisms also con-
tribute to phagocytosis, since even M�s that lack both Abl family
kinases still are capable of undergoing reduced levels of phagocy-
tosis. In addition, the difference in phagocytic inhibition seen be-
tween abl�/� and dKO M�s suggests that the residual “exon
5-less” Abl isoform may support some phagocytic activity, per-
haps by providing a scaffolding function, as has been demon-
strated for Abl family kinases in other systems (1).

Studies of receptors required for Leishmania uptake have re-
vealed that engagement with several distinct receptors can initiate
internalization. For example, promastigotes are known to bind
CR3 both directly (49, 50, 57) and after fixing C3bi (37, 40, 45).
Consistent with this literature, we also show that antibodies that
block CR3 prevent C3bi-opsonized promastigote uptake. C3bi-
opsonized promastigotes are not taken up as efficiently by abl�/�

M�s as by WT or arg�/� M�s, indicating that Abl is responsible
for efficient complement-mediated phagocytosis. Similarly, our
IgG1-opsonized amastigote studies implicate Arg in the control of
immunoglobulin-mediated phagocytosis—specifically through
Fc�RIII, as an Fc�RIII blocking antibody decreased amastigote
uptake. Therefore, we hypothesize that Arg acts downstream of
Fc�RIII to mediate amastigote uptake. However, our current
studies do not rule out the possibility that Arg can mediate phago-
cytosis through other FcRs as well.

Our mouse studies indicate that Leishmania survival, replica-
tion, and pathogenesis during cutaneous leishmaniasis depend on
the Abl/Arg kinases. We propose that the reduced lesion sizes seen
in Abl family kinase-deficient mice result at least in part from
uptake deficiencies in M�s. Consistent with this possibility, fewer
parasites were isolated from lesions in imatinib-treated, arg�/� or
ablflox/flox/Tie2-Cre� mice than from controls. Lesion size differ-
ences in cutaneous leishmaniasis result from both disparities in
parasite invasion and the subsequent burden and from differences
in the hosts’ inflammatory/immune responses (54). For example,
inhibition of phosphoinositide 3-kinase �, signaling through
which has been linked to Abl family kinases (1), affects both the
uptake of L. mexicana and the host’s inflammatory response to
infection, which results in less severe disease in the mouse model
(9). We did not observe significant differences in cytokine secre-
tion between stimulated splenic cells isolated from imatinib and
DMSO-treated mice, with the exception of IFN-�, which de-
creased in imatinib-treated splenic cells at higher antigen stimu-
lation. However, IFN-� secretion typically increases when infec-

FIG 6 Arg mediates amastigote engulfment. (A) Imatinib is not toxic to amasti-
gotes. Shown is a representative experiment of two experiments following the
number of amastigotes per ml in control, DMSO-treated, or imatinib-treated me-
dium over 6 days. (B) Imatinib decreases amastigote uptake. M�s were pretreated
with 3.3 �M imatinib or DMSO. Mouse anti-P8 IgG1 or freshly isolated mouse
serum was used to opsonize amastigote surfaces with IgG1 or C3bi. Amastigotes
were incubated with M�s for 90 min (unopsonized) or 20 min (opsonized). Two-
color IF with anti-P8 distinguished internalized from external amastigotes. The
graph shows the mean PI 
 SE for imatinib-treated M�s, normalized to DMSO-
treated M�s, of opsonized (� C3bi, � IgG) and unopsonized (Amastigotes) L.
amazonensis parasites. P � 0.0024 (**) for DMSO- versus imatinib-treated M�s
for unopsonized amastigotes, P � 0.013 (*) for C3bi-opsonized amastigotes, and
P � 0.0063 (**) for IgG-opsonized amastigotes by one-sample t test. (C) IgG1-
opsonized amastigote uptake decreases in M�s lacking Abl and Arg. WTLM ver-
sus dKO M�s were incubated with IgG1-opsonized amastigotes for 20 min. The
graph shows the mean PI 
 SE by dKO M�s, normalized to WTLM M�s (labeled
WT). *, P � 0.038 for WTLM versus dKO M�s by one-sample t test. (D) Arg
mediates IgG-opsonized amastigote uptake. Bars show the mean PI 
 SE of amas-
tigotes by abl�/� and arg�/� M�s, normalized to WTLM (labeled “WT”). *, P �
0.034 for WTLM versus arg�/� M�s by one-sample t test. (E) An FcR�III-block-
ing antibody (F16/32) decreases amastigote uptake. RAW 264.7 cells were prein-
cubated with F16/32 or M1/70 prior to incubation with IgG1-opsonized amasti-
gotes. The graph shows the mean PI � SE for untreated, M1/70-treated, or F16/
32-treated RAW 264.7 cells. **, P � 0.01 for F16/32-treated cells by one-way
ANOVA (n � 3 experiments).
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tion is resolving (53). Thus, the differences we see in lesion size are
not likely to be explained by defective immune responses to Leish-
mania infection in imatinib-treated mice.

In addition, the proto-oncogene Friend leukemia integration 1
transcription factor (FLI-1), or transcription factor ERGB, regu-
lates wound healing and has been proposed as therapy for sys-
temic sclerosis (12). Polymorphisms in this factor’s gene govern
susceptibility to cutaneous leishmaniasis (6, 51), and Abl facili-
tates FLI-1 activation (4). However, decreased FLI-1 activity and
subsequent effects on wound healing should not lower parasite
burdens (51). Thus, it seems unlikely that differences in FLI-1
activation are solely responsible for the differences we see in lesion
size in Abl family kinase-deficient mice.

In conclusion, we have shown that Abl and Arg regulate dis-
tinct phagocytic mechanisms. Abl family kinases also govern the
uptake of Leishmania and its subsequent pathogenesis. Our results
strongly suggest that improving our knowledge of cell entry path-
ways can provide new lines of therapy for prophylaxis and/or
treatment of leishmaniasis. Of note, imatinib is a clinically ap-
proved chemotherapeutic agent with a relatively benign side effect
profile. In contrast, therapies for leishmaniasis used in the devel-
oping world, such as pentavalent antimony compounds and
miltefosine, are plagued with multiple toxic side effects, and drug
resistance is emerging (17). Future studies will continue to explore
the use of imatinib and/or other inhibitors of cell entry for the
prophylaxis or treatment of leishmaniasis.
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FIG 7 Abl family kinases permit efficient infection in a mouse model of cuta-
neous leishmaniasis. (A) Imatinib-treated mice have smaller lesions than un-
treated mice. Four to eight C57BL/6 mice per experiment were injected with
1 � 106 L. amazonensis promastigotes in the right hind foot and treated with
200 mg/kg/day of imatinib or DMSO in their drinking water, starting 4 days
before infection and continuing until sacrifice. Three separate experiments
were performed; shown is a representative experiment containing 8 mice per
group. Bars represent the increase in foot size compared to the uninfected foot
(normalized to 1) 
 SE. *, P � 0.05 by ANOVA. (B) arg�/� mice and (C)
ablflox/flox/Tie2-Cre� mice develop smaller lesions than WTLM when infected
with 1 � 106 L. amazonensis promastigotes. Shown in panel B is a cohort of 5
mice per group in a representative experiment performed in duplicate using 4
to 5 mice per group. Shown in panel C is a cohort of 4 mice per group in a
representative, duplicated experiment with 4 to 8 mice in each group. *, P �
0.05 by ANOVA. (D) Lesions in imatinib-treated mice contain fewer parasites
than lesions in DMSO-treated mice (quantified by limiting dilution). Plotted is
the parasite concentration in thousands at the termination of the experiment
shown in panel A. *, P � 0.017 for DMSO versus imatinib-treated parasite
burdens by two-sample t test. (E and F) arg�/� mice (E) and ablflox/flox/Tie2-
Cre� mice (labeled “abl�/�”) (F) have a lower parasite burden than WTLM.
Shown is the final amount of L. amazonensis isolated from the infected foot
from the WTLM versus the arg�/� experiment (E) and WTLM versus the
ablflox/flox/Tie2-Cre� experiment (F) from panels B and C, respectively. For
panel E, P � 0.033 (*) for WTLM versus arg�/� parasite burdens, and for panel
F, P � 0.017 (*) for WTLM versus ablflox/flox/Tie2-Cre� parasite burdens by
two-sample t test.

TABLE 1 Cytokine profiles of DMSO- versus imatinib-treated infected
splenic cellsa

Cytokine Treatment

Cytokine secretion (pg) after:

High stimulation Low stimulation

TNF-� DMSO �1.6 �1.6
Imatinib �1.6 �1.6

IFN-� DMSO 388 
 97.1 317 
 30.8
Imatinib 135 
 18.6* 133 
 88.8 (NS)

IL-4 DMSO �12.5 �12.5
Imatinib �12.5 �12.5

IL-13 DMSO 564 
 147 243 
 103.

Imatinib 306 
 130 (NS) 293 
 69.8.

IL-10 DMSO �100 �100
Imatinib �100 �100

IL-17 DMSO �25 �25
Imatinib �25 �25

a Spleens from four L. amazonensis-infected DMSO-treated mice and four imatinib-
treated mice were isolated and dissociated. A total of 5 � 106 cells were cultured for 72
h with media (unstimulated), ConA (positive control), or lysates of 1 � 107 parasites
(high stimulation) or 2 � 106 parasites (low stimulation). Cytokine ELISAs were
performed on harvested supernatants. *, P � 0.04 by two-sample t test. NS, not
significant. The lone statistically significant effect is the opposite of what would be
expected if IFN-� mediated the smaller lesions in imatinib-treated mice. Shown is a
representative experiment of two experiments.
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