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Lesions caused by Leishmania amazonensis normally heal, but relapses occur due to parasite persistence in
host tissues. It has been proposed that infection of fibroblasts plays an important role in this process by
providing the parasites with a safe haven in which to replicate. However, most previous studies have focused
on the entry of Leishmania into macrophages, a process mediated by serum opsonins. To gain insight into a
possible role of nonopsonic entry in the intracellular persistence of amastigotes, we examined the invasion of
Chinese hamster ovary (CHO) cells. Amastigotes entered CHO cells by a cytochalasin D, genistein, wortman-
nin, and 2,3-butanedione monoxime-sensitive pathway and replicated within phagolysosomes. However, unlike
most phagocytic processes described to date, amastigote internalization in CHO cells involved activation of the
GTPases Rho and Cdc42 but not Rac-1. When uptake was mediated by fibronectin or when amastigotes were
opsonized with immunoglobulin G and internalized by Fc receptor-expressing CHO cells, Rac-1 activation was
restored and found to be required for parasite internalization. Given the essential role of Rac in assembly of
the respiratory burst oxidase, invasion through this nonopsonic, Rac-1-independent pathway may play a
central role in the intracellular survival of Leishmania in immune hosts.

Leishmaniasis affects several million people throughout the
world (26). It is a serious parasitic disease transmitted by sand-
flies and can remain latent within the host for years. With
increasing numbers of people infected with both human im-
munodeficiency virus and Leishmania, the need to understand
how latent forms of the parasite survive in the mammalian host
is becoming more critical (30, 40). Macrophages are believed
to be the primary cell type supporting intracellular replication
of Leishmania in the mammalian host. Accordingly, numerous
studies have focused on invasion, survival, and replication of
several Leishmania species within macrophages, on the spread
of amastigotes from macrophage to macrophage within the
mammalian host, and on the role of macrophages in the clear-
ance of infections (2, 47). The gradual healing of Leishmania-
induced lesions has been linked to a slow development of
antigen-specific gamma interferon (IFN-vy) responses, which
activate macrophages for intracellular killing (21, 35).

It has remained unclear how, in several clinical forms of
leishmaniasis, small numbers of parasites persist in lymphoid
tissue and/or the skin long after lesions are healed, giving rise
to recurrent infections (43, 46). Previous studies suggested that
cell types distinct from macrophages and lacking potent mi-
crobicidal responses harbor the parasites during the chronic
phase of the disease (3, 10, 37, 44). Lymph node fibroblasts
from mice chronically infected with Leishmania major were
shown to contain replicating amastigotes and have been pro-
posed to play an important role in persistent infection due to

* Corresponding author. Mailing address: Section of Microbial
Pathogenesis, Yale University School of Medicine, 295 Congress Ave.,
New Haven, Connecticut 06536. Phone: (203) 737-2410. Fax: (203)
737-2630. E-mail: norma.andrews@yale.edu.

4571

their inability to sustain effective inducible nitric oxide syn-
thase-mediated killing (8).

The uptake of Leishmania amastigotes by macrophages in
vivo is thought to be mediated primarily through opsonization
with immunoglobulins (Igs) and complement (23, 39). Exper-
iments performed with antibody- and FcR-deficient mice ac-
tually showed directly that IgG opsonization plays an impor-
tant role in the development of Leishmania lesions in vivo (29a,
39). Recent studies revealed that ligation of the Fcy receptor
(FcR) or complement receptor 3 results in downregulation of
interleukin-12 (IL-12) secretion by macrophages (34, 50). Im-
portantly, IL-12 downregulation has been specifically linked to
the slow development of cell-mediated immunity during Leish-
mania infections (35). Several lines of evidence therefore sug-
gest that this slow-developing immune response would favor an
initial rapid uptake of IgG- or complement-opsonized para-
sites by macrophages, with intracellular replication proceeding
until the activation of intracellular killing mechanisms. At this
point, additional cell types infected through a distinct, nonop-
sonic pathway might become important players by sustaining
parasite replication even after the development of an effective
immune response.

As a model for a nonopsonic cell entry pathway, we exam-
ined the interaction of Leishmania amazonensis amastigotes
with Chinese hamster ovary (CHO) cells, previously reported
to support the intracellular growth of Leishmania (53). Direct
comparisons with opsonin-mediated uptake pathways were
performed by following in parallel the internalization of fi-
bronectin-coated beads or amastigotes in CHO cells and of
IgG-coated amastigotes in FcR-expressing CHO cells. Surpris-
ingly, we found that the small guanosine triphosphatase (GTP-
ase) Rac-1 is only activated when cell entry is mediated by
opsonization. Uncoated amastigotes invaded CHO cells
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through a unique actin-dependent, Rac-1-independent path-
way that may play an important role in intracellular survival.

MATERIALS AND METHODS

Materials. CHO-K1 cells were obtained from the American Type Culture
Collection (Manassas, Va.) and grown in alpha minimal essential medium (a-
MEM)-10% fetal calf serum (FCS) at 37°C and 5% CO,. The 3A.1 anti-L.
amazonensis mouse monoclonal antibody (MADb) was a gift from David Sacks
(Laboratory of Parasitic Diseases, National Institutes of Health), rabbit anti-
fibronectin was purchased from Life Technologies (Grand Island, N.Y.), and the
anti-hamster lysosome-associated membrane glycoprotein 1 (LAMP-1) UH1
MAD was developed by B. L. Granger and S. Uthayakumar and obtained from
the Developmental Studies Hybridoma Bank, University of Iowa, Iowa City.
Mouse anti-human vinculin antibodies, 2,3-butanedione monoxime (BDM), cy-
tochalasin D (CD), 3-wm-diameter polystyrene latex beads, Clostridium difficile
toxin B, 4,6-diamidino-2-phenylindole (DAPI), wortmannin (WM), genistein
(GT), and LY294002 (LY) were purchased from Sigma Chemical Co. (St. Louis,
Mo.); C3 exotoxin from Clostridium botulinum was purchased from Upstate
Pharmaceuticals (Lake Placid, N.Y.); secondary antibodies, rhodamine-phalloi-
din, and Texas-red-conjugated dextran (molecular weight, 10,000) were pur-
chased from Molecular Probes (Eugene, Oreg.); RGE and RGD peptides, rat
fibronectin, rabbit anti-fibronectin antibodies, and a-MEM and M199 cell cul-
ture medium were purchased from Life Technologies (Rockville, Md.); antibod-
ies to Rac-1 and Cdc42 were purchased from Santa Cruz Biotech (Santa Cruz,
Calif.); and FuGENE 6 was purchased from Boehringer Mannheim (Indianap-
olis, Ind.).

Parasites. Leishmania amazonensis amastigotes (strain IFLA/BR/67/PHS)
harvested from infected footpads of BALB/c mice were obtained from David
Sacks (Laboratory of Parasitic Diseases, National Institutes of Health) and
propagated as promastigotes at 27°C in M199 medium with 5% penicillin-strep-
tomycin, 0.1% hemin (25 mg/ml in 0.1 N NaOH), 10 mM adenine (pH 7.5), and
10% FCS. To generate amastigotes, log-phase promastigotes were diluted 1:10 in
the same medium supplemented with 0.25% glucose, 0.5% Trypticase, 40 mM
Na succinate (pH 5.4), and 20% FCS and incubated at 31°C. Once all parasites
differentiated into amastigotes and reached late log phase, cultures were main-
tained by 1:10 passage dilutions at 31°C. Amastigotes were washed three times in
phosphate-buffered saline (PBS) and resuspended in serum-free a-MEM before
use in invasion assays. Fibronectin-coated latex beads (FNLB) were prepared by
incubating 3-pwm-diameter latex beads (Sigma Chemical Co.) overnight under
rotation at room temperature with 200 g of fibronectin/ml in PBS. Coating of
amastigotes was done in PBS with 200 pg of fibronectin/ml or 1 ul of 3A.1 MAb
ascites/ml for 60 min at 37°C. Heat killing of amastigotes was done by incubation
at 56°C for 5 min. Amastigotes and FNLB were washed three times in PBS and
resuspended in serum-free a-MEM for internalization assays.

Internalization assays. CHO cells were plated at 10* cells/cm? on 12-mm-
diameter glass coverslips in 24-well dishes 24 h prior to internalization assays.
FNLB were resuspended in serum-free «-MEM at 10° beads/ml, and L. ama-
zonensis amastigotes were resuspended in serum-free a-MEM at 107/ml. For
RGE/RGD assays, CHO cells in 24-well plates were incubated with 100 pM
RGE or RGD peptide at 37°C for 2 h followed by three washes with PBS prior
to exposure to FNLB or amastigotes. Internalization assays were performed by
exposing CHO cell monolayers to 4 X 10° FNLB or 4 X 10° L. amazonensis
amastigotes in 500 wl of serum-free a-MEM for the indicated times at 34°C.
Coverslips were then washed three times with PBS, fixed in 2% paraformalde-
hyde for 60 min, and stained with either rabbit anti-fibronectin or mouse anti-L.
amazonensis MADb 3A.1 for 30 min, followed by treatment with the appropriate
secondary antibodies. The total number of beads or parasites associated with the
cells was determined microscopically by phase contrast, and the number of
internalized particles was calculated by subtracting the number of fluorescently
stained, extracellularly associated beads or parasites. For each experimental
point, a minimum of 200 CHO cells was analyzed in triplicate. For LAMP-1,
vinculin, and actin cup staining, fixed cells were permeabilized with 0.2% Triton
X-100 for 10 min and incubated with rhodamine-phalloidin and mouse anti-
vinculin or mouse anti-LAMP-1 antibodies, followed by treatment with the
appropriate secondary antibodies. DAPI staining was performed to discern nu-
clear DNA as well as amastigote kinetoplast DNA. Images were acquired on a
Zeiss Axiovert 135 microscope equipped with an Orca II digital camera
(Hamamatsu) controlled by Metamorph software (Universal Imaging).

Electron microscopy. Amastigotes, FNLB, or low-density glycoprotein (LDL)-
labeled gold particles were added at the time points indicated to CHO cells
plated on 12-cm? petri dishes 24 h earlier. Human LDL (density, 1.019 to 1.063
g/ml) was isolated from fresh plasma by zonal density gradient ultracentrifuga-
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tion (42); gold particles of 15 (+1)-nm diameter were obtained by reduction of
0.3 mM tetrachloroauric solution with 1.2 mM sodium citrate (15), and LDL-
gold complexes were prepared as previously described (25). After 24-h incuba-
tion in medium containing 10% lipoprotein-deficient serum, CHO cells were
pulse labeled with 0.1 mg of LDL-gold particles/ml for 3 h at 37°C, washed, and
infected with L. amazonensis amastigotes for 60 min. Infected monolayers were
washed three times with PBS, fixed in 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 60 min, processed for transmission electron mi-
croscopy (TEM), and photographed with a Philips 410 electron microscope
operating at 80 kV.

Rho GTPase expression constructs and transfection. Dominant negative and
constitutively active mutant constructs of Cdc42 (Cdc42N17 and Cdc42L61) and
Rac-1 (RacN17 and RacV12) were kindly provided by Jorge Galan, Yale Uni-
versity (11). Plasmids were digested and inserted into the EcoRI site of pIRES2-
EGFP vector (Clontech). Endonuclease-free DNA was concentrated to 1 pg/pl
and used to transfect CHO cells plated 24 h earlier. A FuGENE 6-to-DNA ratio
of 3 pl to 1 g was used for all transfection assays. Internalization assays were
performed 24 h posttransfection, and transfected cells were identified based on
cytosolic green fluorescent protein fluorescence.

Microinjection. CHO cells plated on gridded coverslips (CELLocate; Eppen-
dorf, Hamburg, Germany) were kept at 37°C on a heated microscope stage.
Microinjection was performed with a 5242 microinjector and a 5170 microma-
nipulator (Eppendorf) using finely pulled glass capillaries (Femtotips; Eppen-
dorf). PGEX-CRIB (Cdc42/Rac binding domain of p21-activated kinase [PAK],
kindly provided by Jorge Galan, Yale University) was expressed in Escherichia
coli, and CRIB-glutathione transferase (CRIB-GST) was purified as previously
described (22). CRIB-GST (1 mg/ml), GST alone, or 750 png of C3 exotoxin
(Upstate Pharmaceuticals)/ml in microinjection buffer (26 mM KH,PO,, 27 mM
K,HPO,, and 8 mM Na,HPO,) containing 1 mg of Texas red-dextran (molecular
weight, 10,000) (Molecular Probes)/ml was microinjected into approximately 200
cells over a 30-min period. The cells were placed at 37°C and 5% CO, for 60 min
and then exposed to amastigotes or FNLB for phagocytosis assays. Microinjected
cells were identified based on cytosolic Texas red-dextran fluorescence.

PAK-CRIB pull-down assays. Purified CRIB-GST (20 pg) bound to glutathi-
one-Sepharose beads was incubated for 60 min with 0.5 ml of clarified CHO cell
lysates (lysis buffer: 20 mM Tris-HCI [pH 8], 1% Triton X-100, 500 mM NaCl,
15% glycerol, 10 mM MgCl,, and 0.5 mM dithiothreitol) after exposure to
various stimuli for the indicated time periods. Beads were then washed (wash
buffer: Tris-buffered saline [pH 8], 1 mM Na orthovanadate), resuspended in 2X
sodium dodecyl sulfate sample buffer, and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western blotting. Enhanced chemilumi-
nescence (NEN Life Science, Boston, Mass.) was used for protein detection.

RESULTS

Internalization of amastigotes in CHO cells resembles clas-
sical phagocytosis. We initially examined the mechanism by
which L. amazonensis amastigotes were internalized in CHO
cells. To minimize the association of host molecules with the
parasite’s surface, we utilized axenically grown amastigotes and
performed all infections in serum-free media. These axenically
grown amastigotes retained the capability of causing footpad
lesions in mice after several passages in culture (data not
shown). After 20 min of interaction, TEM observations showed
pseudopod extension at the sites of amastigote attachment and
fully internalized parasites in tight vacuoles close to the cell
periphery (Fig. 1A, B, and C). Phalloidin staining revealed the
presence of “cups” of polymerized actin around amastigotes
which were in the process of being internalized, structures no
longer evident once the parasites were completely intracellular
(Fig. 1D). As observed in other phagocytic processes, vinculin
was also detected in association with the F-actin cups sur-
rounding amastigotes during cell entry (Fig. 1E and F).

Because the morphology of the internalization of amasti-
gotes in CHO cells resembled that of a classical phagocytic
event, we asked whether known inhibitors of phagocytosis
would affect parasite uptake. We found that amastigote entry
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FIG. 1. L. amazonensis amastigotes enter CHO cells by phagocytosis. CHO cells were exposed to 5 X 107 amastigotes/ml for 20 min, fixed, and
processed for TEM. (A) Pseudopod formation at the amastigote attachment site. (B) Partially formed phagosome. (C) Complete phagosome.
Arrowheads point to pseudopod extensions, and arrows point to the membrane of a recently formed phagosome. P, parasite. Sizing bars, 1 pwm.
(D) Digital fluorescence microscopy image of a CHO cell containing one internalized amastigote (long arrow) and with two amastigotes in the
process of being phagocytosed (short arrow). The cells were fixed and stained with rhodamine-phalloidin (to reveal the cups of polymerized actin
surrounding the parasites), DAPI (to reveal the CHO and amastigote nuclei), and fluorescein isothiocyanate-labeled anti-L. amazonensis MAD (to
reveal extracellular portions of the parasites). (E) Rhodamine-phalloidin staining of an infected CHO cell, showing the F-actin cup surrounding
an amastigote (arrowhead). (F) Same cell (shown in panel E) stained with anti-vinculin antibodies, showing vinculin associated with the phagocytic

cup (arrowhead).

was strongly inhibited when CHO cells were pretreated with
the microfilament-disrupting agent CD, the myosin inhibitor
BDM, the tyrosine kinase inhibitor GT, and the phosphatidyl-
inositol 3-kinase inhibitors WM and LY (Fig. 2A, B, and C). In
parallel experiments, we examined the effect of the same
agents on the uptake of FNLB, a well-characterized phagocytic
process mediated by Bl integrins (36, 52). Latex beads of
similar size and shape to Leishmania amastigotes were chosen
for these experiments (Fig. 2D), and their internalization in
CHO cells was also blocked by CD (data not shown), BDM,
GT (Fig. 2E), and WM or LY (Fig. 2F). We thus conclude that
several hallmarks of the entry of L. amazonensis amastigotes
into CHO cells resemble those of classical phagocytosis.
Amastigotes target to and replicate within lysosomal com-
partments of CHO cells. When Leishmania amastigotes are
phagocytosed by macrophages, phagosomes fuse with lyso-
somes, generating a parasitophorous vacuole with lysosomal
properties whereby the parasites replicate throughout their
intracellular cycle (4, 14, 45). We therefore verified whether
this same process occurred in CHO cells after amastigote in-
ternalization. Shortly after entry (60 min), amastigotes were
found in vesicular compartments containing the lysosomal gly-
coprotein LAMP-1 (Fig. 3A). After increasing periods of in-

cubation at 34°C, parasites were found to reside inside large
phagolysosomes (Fig. 3B) that accumulated endocytosed LDL-
gold particles (Fig. 3C), a marker for lysosomal trafficking.
Amastigotes replicated within these compartments (Fig. 3B
and D), and LDL-gold particles were observed inside vesicular
compartments of the amastigotes (Fig. 3C, white arrow), an
indication that the parasites were fully viable and capable of
active endocytosis.

Rho GTPases are necessary for amastigote internalization in
CHO cells. Members of the Rho family of small GTPases are
known to be involved in the reorganization of F-actin in re-
sponse to a variety of stimuli, including phagocytosis (12, 24,
38). We found that pretreatment of CHO cells with C. difficile
toxin B, an inhibitor of all members of the Rho family, inhib-
ited the uptake of both L. amazonensis amastigotes and FNLB
(Fig. 4A). And as previously reported for complement (9) and
IgG-mediated phagocytosis (12), the Rho inhibitor C3 trans-
ferase strongly blocked uptake of amastigotes and FNLB after
microinjection into CHO cells (Fig. 4B). Microinjection of the
CRIB domain of PAK protein (which specifically binds Cdc42
and Rac in their active GTP-bound states) (6, 51) fused to GST
also significantly reduced amastigote and FNLB entry, indicat-
ing a requirement for activated Cdc42 and/or Rac-1 (Fig. 4C).
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FIG. 2. Agents that block phagocytosis inhibit internalization of FNLB and L. amazonensis amastigotes in CHO cells. NT, not treated.
(A) Number of intracellular parasites in cells not treated or treated with 10 uM CD. (B) Number of intracellular parasites in cells not treated
or treated with 25 mM BDM or 20 uM GT. (C) Number of intracellular parasites in cells not treated or treated with 100 nM WM or 100
wM LY. CHO cells were pretreated with the indicated drugs for 20 min, followed by exposure to amastigotes for 60 min. (D) TEM image
of a CHO cell containing an amastigote and an FNLB. CHO cells were simultaneously exposed to FNLB and amastigotes for 60 min. P,
parasite; B, FNLB. Sizing bar, 1 pm. (E) Number of intracellular FNLB in CHO cells not treated or treated with BDM or GT as described
for panel B. (F) Number of intracellular FNLB in CHO cells not treated or treated with WM or LY as described for panel C. CHO cells
were pretreated with the indicated drugs for 20 min, followed by exposure to FNLB for 60 min. The data represent the means and standard

deviations (SD) of triplicate experiments.

All invasion assays were performed utilizing parasite concen-
trations and interaction periods, resulting in internalization
values within the linear range previously determined from time
course-multiplicity of infection experiments (unpublished
data).

Cdc42 activation, but not Rac-1 activation, is necessary for
amastigote internalization. Consistent with the findings de-
scribed above, expression in CHO cells of the dominant-neg-
ative Cdc42 construct Cdc42N17 (9) inhibited the internaliza-
tion of both FNLB and amastigotes (Fig. SA) (similar numbers
of intracellular amastigotes were consistently observed in CHO
cells not transfected or transfected with a plasmid encoding
green fluorescent protein alone [data not shown]). Surpris-
ingly, however, the dominant-negative Rac-1 construct
RacN17 inhibited the uptake of FNLB but not of L. amazonen-
sis amastigotes (Fig. 5B). When the effects of the presence of
constitutively active Cdc42 (Cdc42L61) and Rac-1 (RacV12)
constructs were analyzed, a marked difference was again ob-
served: the presence of Cdc42L61 did not affect uptake of
either FNLB or amastigotes (Fig. 5C) but that of the equiva-
lent, constitutively active RacV12 construct specifically en-
hanced amastigote entry (Fig. 5D). This enhanced uptake
probably reflects the stimulation in membrane ruffling and
lamellipodium formation that is caused by the presence of

activated Rac in many cell types (38). These findings thus
suggest that the internalization of L. amazonensis amastigotes
in CHO cells normally does not involve Rac-1 activation.
Opsonization with fibronectin or IgG targets amastigotes to
a Rac-1-dependent internalization pathway. We found that
heat-killed L. amazonensis amastigotes are not internalized by
CHO cells (unpublished data), suggesting that unique proper-
ties of live L. amazonensis amastigotes might be responsible for
directing their entry towards a Rac-1-independent invasion
pathway. To directly investigate this possibility, we verified
whether altering the ligands involved in amastigote internal-
ization could modulate the requirement for Rac-1 activation.
When L. amazonensis amastigotes were coated with fibronec-
tin, their internalization was enhanced to the same levels nor-
mally observed with FNLB (Fig. 6A). The RGD peptide, a
specific inhibitor of B, integrin-mediated interactions, did not
alter the internalization of uncoated amastigotes but markedly
reduced the uptake of fibronectin-coated amastigotes (Fig.
6B). A shift of fibronectin-coated amastigotes towards a B,
integrin-mediated uptake pathway was confirmed when the
effect of the presence of dominant-negative RacN17 construct
was examined: internalization of fibronectin-coated amasti-
gotes was now inhibited in cells transfected with RacN17 (Fig.
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FIG. 3. L. amazonensis replicates within phagolysosomes in CHO cells. (A) Phase-contrast image (top) and immunofluorescence staining with
anti-LAMP-1 MAbs (bottom) of CHO cells infected with L. amazonensis amastigotes. Arrows point to intracellular parasites, and arrowheads point
to extracellularly attached parasites. (B) Phagolysosome containing replicating amastigotes at 24 (top) and 48 (bottom) h after infection. (C) TEM
showing amastigotes replicating in a phagolysosome containing LDL-gold particles 24 h after infection. Arrowheads point to LDL-gold particles
in the lumen of the phagolysosome, the white arrow points to LDL-gold particles internalized by one of the parasites, and the black arrow points
to the phagolysosome membrane. P, parasite. Sizing bar, 1 pm. (D) Intracellular growth curve of L. amazonensis in CHO cells. Cells were exposed
to amastigotes for 60 min, washed, and further incubated at 34°C for 24 and 48 h. After fixation, the total number of intracellular parasites per
five microscopic fields (X100) was determined in triplicate (the data represent the averages = SD of triplicate experiments).

6C). This result demonstrates that the presence of an alterna-
tive ligand-receptor pair is sufficient to alter the requirement
for Rac-1 activation in L. amazonensis uptake, and suggests
that soluble factors secreted by the parasites do not play a
dominant role. This conclusion is reinforced by the finding that
ATP depletion in amastigotes (60-min treatment with 5 mM
sodium azide and 50 mM 2-deoxyglucose), a condition known
to block secretion, had no effect on the uptake of amastigotes
by CHO cells (unpublished data).

To verify whether a distinct ligand-receptor pair was also
capable of redirecting the parasites towards a Rac-1-depen-
dent entry pathway, amastigotes were coated with a MAD spe-

cific for L. amazonensis glycoconjugates (16) and incubated
with CHO cells stably transfected with the mFcRII isoform of
the Fc receptor (FcRII-B2) (28). Antibody coating, as ex-
pected, enhanced amastigote entry into FCRII-CHO cells and
shifted their uptake into a pathway sensitive to inhibition by
the dominant-negative RacN17 construct (Fig. 6D). However,
coating with IgG did not inhibit amastigote entry into wild-type
CHO cells (unpublished data), indicating that the endogenous
uptake pathway was not blocked but was overridden when IgG
receptors were available. Consistent with these observations,
at least 60% of Leishmania mexicana amastigotes recovered
from lesions were reported to have surface-bound IgG mole-
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FIG. 4. Nonopsonic cell entry by L. amazonensis requires activation of Rho GTPases. (A) Number of intracellular amastigotes (amast) or
FNLB in cells not treated (NT) or treated with the indicated amounts of toxin B/ml for 60 min. After microinjection, CHO cells were exposed to
amastigotes or FNLB for 60 min at 34°C and fixed and the number of internalized particles was determined in triplicate (the data correspond to
the means and SD of triplicate experiments). (B) Number of intracellular amastigotes or FNLB in cells microinjected with dextran alone or with
C3 exotoxin. (C) Number of intracellular amastigotes or FNLB in cells microinjected with GST alone or with CRIB-GST. After microinjection,
CHO cells were exposed to amastigotes or FNLB for 60 min at 34°C and fixed and the number of internalized particles was determined in the
microinjected cells (the numbers above the columns indicate the total number of microinjected cells analyzed).

cules but could still infect cultured COS cells and replicate
intracellularly (39).

Rac-1 is not activated during the internalization of nonop-
sonized amastigotes in CHO cells. The results described
above strongly suggested that the cell entry pathway of non-
opsonized L. amazonensis amastigotes involved the activa-
tion of Cdc42 but not of Rac-1. To directly investigate this
issue, we determined the levels of GTP-bound Cdc42 and
Rac-1 in CHO cells infected with amastigotes by assaying
the ability of the endogenous GTPases to bind to GST-
CRIB. As previously mentioned, PAK-CRIB will only bind
Cdc42 or Rac-1 in their activated, GTP-bound forms (7, 51).
Cell lysates were incubated with GST-CRIB coupled to
Sepharose beads, and the total cell lysate fractions and
bound fractions were probed for Cdc42 or Rac-1 by Western
blotting. As shown in Fig. 7, cells not treated, cells infected
with either uncoated or fibronectin-coated amastigotes, and
cells treated with epidermal growth factor (EGF) (a known

activator of the Rac-1 and Cdc42 pathways) contained sim-
ilar amounts of total Cdc42 and Rac-1 (Fig. 7A, left panels).
However, a marked difference was detected between the
levels of activated GTP-bound Cdc42 and Rac-1 (Fig. 7A,
right panels). Whereas both GTPases were activated when
CHO cells were exposed to EGF and to fibronectin-coated
amastigotes, only Cdc42 was markedly activated during the
uptake of uncoated amastigotes. GTP-bound Rac-1 was de-
tected only in small amounts above background in CHO
cells infected with uncoated amastigotes, and this pattern
was shifted to a full activation when the amastigotes were
coated with fibronectin (Fig. 7A, lower right panel). The
small increase (~20%) in the levels of activated Cdc42 in
cells infected with fibronectin-coated versus uncoated amas-
tigotes probably reflects the more efficient parasite internal-
ization observed under these conditions (Fig. 6). In contrast,
the increase in the levels of activated Rac-1 in cells infected
with fibronectin-coated amastigotes was much higher (on
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FIG. 5. Nonopsonic cell entry by L. amazonensis requires activation of Cdc42 but not of Rac-1. (A) Number of intracellular amastigotes or
FNLB in cells not transfected (UT) or transfected with Cdc42N17. (B) Number of intracellular amastigotes or FNLB in cells not transfected (UT)
or transfected with RacN17. (C) Number of intracellular amastigotes or FNLB in cells not transfected (UT) or transfected with Cdc42L61.
(D) Number of intracellular amastigotes or FNLB in cells not transfected (UT) or transfected with RacV12. Transfected CHO cells were exposed
to amastigotes or FNLB for 60 min at 34°C and fixed, and the number of internalized particles was determined in triplicate (the data correspond

to the means and SD of triplicate experiments).

the order of 200%), reinforcing the interpretation that
Rac-1 is only minimally activated during the entry of amas-
tigotes via a nonopsonization-dependent pathway. Impor-
tantly, very similar results were obtained when amastigotes
were opsonized with IgG and internalized by CHO cells
expressing or not expressing the FcRII-B2 receptor.
Whereas a partial elevation (~50%) in the levels of acti-
vated Rac-1 was observed in wild-type CHO cells infected
with IgG-coated amastigotes (Fig. 7B, upper panel), a much
more vigorous, 500% increase in Rac-1 activation was ob-
served in FcR-transfected cells infected with antibody-op-
sonized parasites (Fig. 7B, lower panel).

DISCUSSION

In this work we have identified an important difference be-
tween opsonic and nonopsonic pathways leading to the inter-
nalization of L. amazonensis amastigotes in host cells. Consis-
tent with the results of previous studies in several phagocytic
systems (12), we found that the uptake of fibronectin or IgG-
opsonized amastigotes by CHO cells requires activation of the
small GTPases Rho, Cdc42, and Rac-1. Remarkably, however,
we found that nonopsonized amastigotes enter these cells by a
phagocyte-like, actin-mediated process that does not involve
Rac-1 activation.

Although heparin-binding moieties have been proposed to

be necessary for the attachment of Leishmania amastigotes to
CHO cells (33), the receptor promoting internalization of non-
opsonized parasites into these cells is still unknown. 3, integrin
receptors do not appear to be involved in this unique, Rac-1-
independent amastigote invasion pathway, since beads or
amastigotes coated with fibronectin are clearly shifted to an
invasion pathway that requires activation of Rac-1 in addition
to that of Rho and Cdc42. These results are consistent with
those of previous studies showing that RhoA, Rac-1, and
Cdc42 are activated during cytoskeletal reorganization events
triggered by integrin-mediated adhesion to the extracellular
matrix (20).

The identification of a Rac-1-independent cell entry path-
way has important implications for our understanding of the
intracellular survival strategy of L. amazonensis and its persis-
tence in the tissues of immune hosts. Several recent studies
established that Rac, together with the cytosolic components
p47°"°* and p67°"* and the membrane-associated flavocyto-
chrome b558 (gp91P"), is essential for assembly of the mul-
ticomponent respiratory burst oxidase on phagosome mem-
branes (1, 54). Although the exact mechanism by which Rac
regulates activation of the NADPH oxidase is still unclear,
recent data suggest that Rac may act directly on flavocyto-
chrome b558, facilitating its binding to p67°°* and thereby
promoting completion of electron transfer and superoxide for-
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mation (17). Importantly, it is known that superoxide and other
toxic oxygen metabolites play a central role in host defense
during the early stages of infection with Leishmania, as dem-
onstrated by the markedly increased parasite load observed in
gp91P"*_deficient mice (X-linked chronic granulomatous dis-
ease) (37a).

Rac-2 appears to be the major isoform involved in NADPH
oxidase activation in phagocytes (18), but several lines of evi-
dence increasingly point to the involvement of Rac-1 in super-
oxide production in “nonprofessional” phagocytic cells (27, 29,
49). A homologue of gp91P"**, Mox-1, was detected in several
tissues and shown to mediate the production of reactive oxygen
species (48). Although little is known about additional ubiqui-
tously expressed oxidase components, additional gp91P"* ho-
mologues are expressed in several superoxide-producing cells
such as fibroblasts and endothelial, kidney, and thyroid cells
(17). Of direct relevance to our findings, oxidative activity has
been detected in primary fibroblasts during internalization of
collagen and IgG-coated beads in cutaneous wounds (5) and in
CHO cells during activation of the p38-mitogen-activated pro-
tein kinase cascade (41).

The fact that both professional and nonprofessional phago-

cytic cells seem capable of generating superoxide and other
oxidase-dependent reactive oxygen species directly suggests
that parasite intracellular survival depends on a mechanism for
bypassing Rac-1 activation. Our findings suggest that the lack
of opsonin receptors in host cells may be the key for this
survival strategy. Leishmania amastigotes are known to be op-
sonized with IgG in vivo (29a, 39), and our results show that
IgG-coated amastigotes enter cells lacking Fc receptors with-
out triggering Rac-1 activation. In contrast, in a situation that
mimics the interaction with macrophages in vivo, entry of these
parasites in FcR-expressing CHO cells requires Rac-1 activa-
tion. One can therefore envision a scenario in which, even after
development of an effective microbicidal response in macro-
phages, IgG-opsonized parasites would survive when internal-
ized in fibroblasts or other cell types lacking receptors for IgG
or for other serum opsonins such as complement.

Our studies did not detect a significant difference in intra-
cellular replication between IgG-coated and uncoated amasti-
gotes after internalization in FcR-expressing CHO cells (un-
published data). This is not entirely surprising, since the
capacity of nonphagocytic cells to generate superoxide and
other toxic oxygen metabolites is likely to be subject to regu-
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FIG. 7. Nonopsonic cell entry by L. amazonensis does not trigger
Rac-1 activation. The total endogenous levels of Cdc42 and Rac-1
were determined by Western blotting in lysates of CHO cells. The
levels of activated (GTP-bound) forms of the same GTPases were
determined according to their ability to bind GST-CRIB coupled to
glutathione-Sepharose beads. (A) Total and activated Cdc42 and
Rac-1 in wild-type CHO cells. (B) Total and activated Rac-1 in wild-
type (WT CHO) and FcR-transfected (FcR CHO) cells. NT, no treat-
ment; amast, uncoated amastigotes; FNam, fibronectin-coated amas-
tigotes; IgGam, IgG-coated amastigotes; EGF, EGF treated.

lation by cytokines generated in vivo during Leishmania infec-
tions. A recent study showed that IL-10, in particular, plays an
essential role in promoting persistence of L. major in vivo,
possibly by reducing the sensitivity of host cells to IFN-y acti-
vation for intracellular killing (7a). It is still not clear whether
IL-10 can specifically modulate the intracellular killing capac-
ity of fibroblasts, but compared to macrophages, fibroblasts
activated by IFN-y and other cytokines have a reduced ability
to express the type 2 nitric oxide synthase and to kill intracel-
lular L. major (14, 54). It is thus conceivable that the Rac-1-
independent invasion pathway we identified here, which is
active in cells lacking opsonin receptors, may promote parasite
survival by preventing oxidase activation in a background of
already markedly reduced NO production. Under conditions
favoring NO production, however, intracellular killing may still
occur, explaining the sterile cure of L. major infections
achieved in the absence of IL-10 or in the presence of anti-
bodies against its receptor (7a). The likelihood of this scenario
is reinforced by the demonstration that L. major organisms
residing in fibroblasts are susceptible to killing mediated by
NO produced by neighboring macrophages (14).

In this study, we also showed that after uptake, L. amazonen-
sis amastigotes reside in large phagolysosomal compartments,
where they remain viable and undergo several rounds of rep-
lication. These findings are consistent with previous observa-
tions of L. amazonensis infections in CHO cells and of L.
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mexicana infections in COS cells. Although the entry mecha-
nism and the intracellular compartment where the parasites
resided were not fully characterized in these previous studies,
intracellular survival and replication of amastigotes were re-
ported (39). Our findings thus reinforce the view that, although
macrophages and FcR-mediated invasion clearly play a central
role in the establishment of Leishmania infections in vivo (17),
these parasites are also capable of establishing replicative com-
partments in cells devoid of classical phagocytic receptors.

In contrast to what has been previously described for opso-
nin-mediated phagocytosis (12) and for the uptake of several
intracellular bacteria (13, 19, 31, 32), our results show that
nonopsonized L. amazonensis amastigotes enter CHO cells
without triggering significant levels of Rac-1 activation. Our
studies also demonstrate that antibody-coated parasites can
efficiently enter FcR-deficient cells in a Rac-1-independent
fashion, an important finding considering that amastigotes
present in lesions in vivo are likely to be opsonized with IgG
(29a, 39). The importance of Rac-1 in the activation of oxida-
tive killing mechanisms points directly to this unique invasion
pathway of Leishmania as a possible strategy for intracellular
survival in immune hosts. Our observations (unpublished data)
and those of others (28) indicate that the FcR-expressing CHO
cells do not produce a detectable oxidative burst during the
uptake of antibody-coated parasites; therefore, further studies
involving primary cells and the establishment of Leishmania
infections in vivo will be required to test this hypothesis di-
rectly.
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