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Leishmania (subgenus Viannia) braziliensis is the causative agent of mucocutaneous leishmaniasis (ML) in
South America, and ML is characterized by excessive T- and B-cell responses to the parasite. We speculate that
the unbalanced production of inflammatory mediators in response to L. braziliensis infection contributes to cell
recruitment and disease severity. To test this hypothesis, we first examined the response of peripheral blood
mononuclear cells (PBMCs) from healthy volunteers to L. braziliensis infection. We observed that while L.
braziliensis infection induced the production of chemokine (C-X-C motif) ligand 10 (CXCL10) and interleu-
kin-10 (IL-10) in human PBMCs and macrophages (M®s), enhanced expression of CXCL10 and its receptor,
chemokine CXC receptor (CXCR3), was predominantly detected in CD14™ monocytes. The chemoattractant
factors secreted by L. braziliensis-infected cells were highly efficient in recruiting uninfected PBMCs (predom-
inantly CD14* cells) through Transwell membranes. Serum samples from American tegumentary leishman-
iasis (ATL) patients (especially the ML cases) had significantly higher levels of CXCL10, CCL4, and soluble
tumor necrosis factor (TNF) receptor II (sTNFRII) than did those of control subjects. Our results suggest that,
following L. braziliensis infection, the production of multiple inflammatory mediators by the host may contrib-

ute to disease severity by increasing cellular recruitment.

Leishmaniasis is a tropical disease caused by infection with
protozoan parasites from the genus Leishmania. Worldwide,
the disease affects 12 million people, with 350 million people
currently considered at risk of infection (28). Leishmania par-
asites are transmitted by infected female sand flies, which in-
oculate the metacyclic promastigotes into the skin during a
blood meal (17). Parasites are able to survive initial capture by
neutrophils and later replicate or persist within macrophages
(M®s), monocytes, dendritic cells, and fibroblasts as intracel-
lular amastigotes (7, 12, 25). Leishmania braziliensis is a New
World Leishmania species that is prevalent in many geograph-
ical areas of Central and South America (21, 28). L. brazilien-
sis-infected individuals initially develop cutaneous leishmania-
sis (CL); however, in 5 to 10% of the patients, the disease
further develops into mucocutaneous leishmaniasis (ML) (3).
ML is a severe and disfiguring form of the disease, character-
ized by uncontrolled T- and B-cell responses to the parasite,
and is caused almost exclusively by L. braziliensis infection (28).
Currently, the host- and pathogen-associated factors that lead
into ML progression are largely uncharacterized.

Pathogen interactions with components of the host immune
response are crucial for the establishment of protective immu-
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nity and pathological responses. Given that monocytes and
M®s serve as the main reservoir for Leishmania parasites
during active infection (1), it is of interest to study the early
events associated with parasite uptake. Uptake of Leishmania
parasites can induce monocytes and M®s to produce different
chemokines, which in turn can skew immune responses by
recruiting and inducing different components of the immune
system (29). Chemokines are small (8- to 10-kDa) chemoat-
tractant cytokines that play important roles during immune
responses by triggering integrin activation and inducing the
recruitment of antigen-specific lymphocytes to peripheral tis-
sues in response to inflammation (36). At present, approxi-
mately 50 human chemokines and 20 chemokine receptors
have been characterized (44). Chemokine (C-X-C motif) li-
gand 10 (CXCLI10) (also known as the 10-kDa gamma inter-
feron [IFN-vy]-inducible protein [IP-10]) is a small molecule
that is secreted mainly by monocytes, fibroblasts, and endothe-
lial cells in response to stimuli, such as viral infection, lipo-
polysaccharide (LPS), interleukin-18 (IL-1B), and IFN-y (11,
19). The biological function of CXCL10 involves the recruit-
ment of monocytes, M®s, and T cells to sites of inflammation
(11). Furthermore, it is known that during active leishmaniasis,
lesion cells from self-healing CL patients produce Th1-mobi-
lizing chemokines, such as CXCL10 and CXCL9 (29). Recruit-
ment of IFN-y-producing Th1 cells favors M® activation and
parasite clearance; however, excessive production of these
molecules could potentially lead to uncontrolled inflammation
and tissue destruction (2, 29).

In the present study, we used an in vitro infection system to
analyze the early events associated with L. braziliensis infection
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of human peripheral blood mononuclear cells (PBMCs). We
found that L. braziliensis infection selectively induced the tran-
scription of CXCL10 and chemokine (C-C motif) ligand 3
(CCL3). Furthermore, we showed that within PBMCs, Leish-
mania parasites preferentially infected monocytes and upregu-
lated CXCLI10 production and chemokine CXC receptor
(CXCR3) expression on the surfaces of monocytes. Interest-
ingly, only L. braziliensis infection induced the production of
CXCL10, as PBMCs infected with Leishmania amazonensis
(another New World Leishmania species and the causative
agent of diffuse cutaneous leishmaniasis) failed to do so. To
further validate and extend our results, we measured the pres-
ence of these inflammatory mediators in serum samples from
American tegumentary leishmaniasis (ATL) patients from a
region where L. braziliensis is endemic and found that the
levels of CXCL10, CCL4, and soluble tumor necrosis factor
(TNF) receptor II (sSTNFRII) were significantly increased in
ML patients. Collectively, our results indicate that immune
responses against New World species of Leishmania are dif-
ferentially regulated and that the excessive production of in-
flammatory mediators could potentially exacerbate disease se-
verity in L. braziliensis-infected individuals.

MATERIALS AND METHODS

Sample collection and preparation. Blood samples were collected by veni-
puncture of healthy volunteers into sodium heparin-coated collection tubes (BD
Biosciences), and PBMCs were obtained by centrifugation on Accuprep gradi-
ents (Accurate Chemical). Cells were washed thoroughly and resuspended at 1 X
10° cells/ml in RPMI 1640 medium (Invitrogen), supplemented with 10% fetal
bovine serum (FBS) (HyClone), 1% nonessential amino acids, 1 mM sodium
pyruvate, 50 pg/ml kanamycin, and 2 mM L-glutamine (all from Sigma). Human
monocytes were obtained by positive selection by using CD14 microbeads (Milte-
nyi Biotec). To differentiate M®ds, monocytes were cultured for 5 days in com-
plete RPMI 1640 medium supplemented with 20 ng/ml recombinant human
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech). Se-
rum samples from 27 ATL patients (13 CL patients and 14 ML patients) were
collected after clinical evaluation and upon admittance into the Leishmaniasis
Working Group at the Tropical Medicine Institute “Alexander von Humboldt”
in Universidad Peruana Cayetano Heredia in Lima, Peru. Parasitological diag-
nosis (either by smear microscopy, PCR, or parasite culture) was confirmed in
70% of CL cases and 65% of ML cases, respectively (see Table S1 in the
supplemental material for patient demographic information). Inflammatory me-
diators in serum were detected by using a custom Quantibody array (RayBio-
tech). Serum samples obtained from noninfected individuals (n = 13) were used
as controls for the Quantibody array. All cell and serum samples used in this
study were collected after informed consent and approved by the Institutional
Review Board at University of Texas Medical Branch (UTMB) and the Ethics
Committee at Universidad Peruana Cayetano Heredia.

Parasite culture. Infectivity of L. braziliensis (MHOM/BR/79/LTB111) and L.
amazonensis (MHOM/BR/77/LTB0016) was maintained by regular passage
through golden Syrian hamsters and BALB/c mice (Harlan Sprague Dawley),
respectively. Promastigotes were cultured at 23°C in Schneider’s Drosophila
medium (Invitrogen), pH 7.0, supplemented with 20% FBS, 2 mM L-glutamine,
and 50 pg/ml gentamicin (Sigma). Stationary promastigote cultures of fewer than
five passages were used for cell infection. Between these two species of parasites,
there were no major differences in promastigote growth rates in culture medium
or in parasite infectivity in murine and human macrophages at 24 to 48 h of
infection in vitro (see Fig. S1A to C in the supplemental material). Nevertheless,
L. amazonensis-infected cells contained more parasites per cell at 24 h (see Fig.
S1D in the supplemental material) or showed higher infection rates at 72 h of
infection (see Fig. SI1B in the supplemental material), suggesting that L.
amazonensis parasites generally grew better in macrophages than did L. braziliensis
parasites.

Cell infection and Transwell assays. PBMCs and M®s were infected at a 5:1
and 10:1 parasite-to-cell ratio, respectively. Infected cells were incubated at 33°C
for 4 h and then at 37°C for another 20 h. LPS (100 ng/ml) of Salmonella enterica
serovar Typhimurium (Sigma) and recombinant human IFN-y (100 ng/ml;
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Leinco Technologies) were used as positive controls. At 24 h postinfection (p.i.),
culture supernatants were harvested for cytokine detection, and cells were col-
lected and stained for fluorescence-activated cell sorting (FACS) analysis. For
cell migration experiments, 5-pm Transwell systems were used (24-well; Costar).
Briefly, 1 X 10° infected PBMCs, monocytes (5:1 parasite-to-cell ratio) were
seeded in the basal chamber, and 1.5 X 10° noninfected, donor-matched, car-
boxyfluoroscein succinimidyl ester (CFSE)-labeled (2.5 pM; Sigma) PBMCs
were seeded into the apical chambers. After incubation for 4 h at 33°C and then
at 37°C for 10 h, cells in the basal chamber were collected, counted, and stained
for FACS analysis. Recombinant human CXCL10 (20 ng/ml; eBiosciences) was
used as a positive control for cell migration.

Cytokine ELISA. The cytokine levels in culture supernatants were measured
by using enzyme-linked immunosorbent assay (ELISA) kits purchased from
eBiosciences (IFN-y and IL-10) or RayBiotech (CXCL10). Detection limits were
4 pg/ml for IFN-y, 2 pg/ml for IL-10, and 8 pg/ml for CXCL10.

Reverse transcription-PCR (RT-PCR). At 4 h p.i., total RNA was extracted
from 2 X 10° infected PBMCs (5:1 parasite-to-cell ratio) by using the RNeasy
system (Qiagen), and genomic DNA was digested with the on-column RNase-
free DNase (Qiagen). cDNA was synthesized from 2 pg of total RNA by using
the Superscript III first-strand system (Invitrogen) primed with random hexam-
ers. All PCRs were performed by using 2 pl of cDNA, the Platinum 7ag DNA
polymerase system and specific primer pairs (see Table S2 in the supplemental
material). For CXCL10, CCL4, and B-actin, PCRs included 30 cycles, with 1
cycle consisting of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and
extension at 72°C for 1 min, with a final 7-min extension step at 72°C. For CCL2
and CCL3, the same reaction conditions were used, but with 58°C as the anneal-
ing temperature. PCR products (8 pl) were subjected to electrophoresis on 1%
agarose gels and visualized by staining with ethidium bromide. Results were
quantified using the AlphaEase FC densitometry analysis software (v4.0; Alpha
Innotech) and normalized to the expression of the B-actin gene and the non-
stimulated controls.

Flow cytometry. Unless specified, all human-specific monoclonal antibodies-
(MAbs) and staining reagents were purchased from BD Biosciences: Alexa Fluor
488-conjugated anti-CXCR3 (1C6/CXCR3) and mouse IgGl(k) and phyco-
erythrin (PE)-conjugated anti-CXCL10 (6D4/D6/G2) and mouse IgG2a. The
following reagents were purchased from eBioscience: allophycocyanin (APC)-
Cy7-conjugated anti-CD3 (SK7) and mouse IgG1(k), PE-Cy5.5-conjugated anti-
CD56 (MEM188) and mouse IgG2a, APC-conjugated anti-IFN-y (4S.B3) and
mouse IgG1(k), and PE-Cy7-conjugated anti-CD14 (61D3) and mouse IgG1(k).
Briefly, cells were washed, stained for specific surface molecules, fixed/perme-
abilized with a Cytofix/Cytoperm kit, and then stained for specific intracellular
molecules. To detect intracellular cytokines, we added 1 wl/ml of GolgiStop for
the last 6 h of culture. Cells were read on a FACSCanto flow cytometer (BD
Biosciences) and analyzed by using FlowJo v8.5 software (TreeStar).

Statistical analysis. Unless otherwise specified, all data shown in figures were
pooled from the number of healthy volunteers indicated in the figure legend.
Results are shown as means * standard errors of the means. Differences between
individual treatment groups were all determined by using one-way analysis of
variance (ANOVA). A P value of =0.05 was considered statistically significant
(Prism v4.0; GraphPad software).

RESULTS

Early activation of chemokine genes following L. braziliensis
infection. We have previously reported that L. braziliensis in-
fection in mice leads to the development of a robust Thl
immune response, which includes the expansion of IFN-vy- and
IL-17-producing CD4™ T cells (39). Furthermore, L. brazilien-
sis, but not L. amazonensis, infection in mice induced the
expression of several chemokines and chemokine receptors,
such as CXCL10, CXCR3, CCL4, CCR1, CCR2, CCR3, and
CCRS at 3 weeks of infection (see Fig. S2 in the supplemental
material). Given that L. braziliensis and L. amazonensis infec-
tions in mice represent self-healing and nonhealing CL, respec-
tively, these findings support the view that early events in-
volved in parasite recognition have a significant impact on
disease outcome (38, 39). Human infections caused by L. bra-
ziliensis are rarely self-healing, and disease in 5 to 10% of
patients can further complicate into ML (28). Although many
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FIG. 1. Activation of chemokine gene transcription by human
PBMCs in response to L. braziliensis infection. Human PBMCs were
isolated from healthy donors (n = 8) and infected with L. braziliensis
(Lb and Lb) or L. amazonensis (La and La) promastigotes at a 5:1
parasite-to-cell ratio. At 4 h p.i, total RNA was extracted for RT-PCR
analysis. Human PBMCs were isolated from nonstimulated controls
(NS). LPS plus IFN-y were used as a positive control. (A) Gel images
of CXCL10, CCL2, CCL3, and CCLA4 transcripts from two donors.
(B) Densitometry data obtained from all donors were pooled and
shown in the plots. represents Values that are statistically significantly
different (P < 0.001) between the compared groups are indicated
(#+#). Values that are statistically significantly different between the
nonstimulated control and infected groups are indicated as follows: *,
P < 0.05; %%, P < 0.01; #%%, P < 0.001.

reports have described the clinical characteristics of ML (28,
42), very few have focused on the initial interaction between
human cells and L. braziliensis parasites. We addressed this
issue by analyzing chemokine gene expression following infec-
tion of PBMCs from healthy volunteers with L. braziliensis
parasites for 4 h and found increased transcription of CXCL10
and CCL3 in response to L. braziliensis infection (Fig. 1). We
also included control cells infected with L. amazonensis, an-
other New World species, and confirmed the specific responses
triggered by L. braziliensis infection. Since CXCLI10 is an im-
portant chemokine for cell recruitment and Thl induction
(19), and its transcription was observed only in L. braziliensis-
infected PBMCs (Fig. 1B), we decided to investigate the po-
tential role for CXCL10 during L. braziliensis infection. As
shown in Fig. 2A, PBMCs infected with L. braziliensis parasites
secreted higher levels of CXCL10, IFN-vy, and IL-10 than
PBMC:s infected with L. amazonensis (P < 0.05). Similarly, hu-
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man M®s also produced higher levels of CXCL10 at 24 and
48 h of infection with L. braziliensis, but not L. amazonensis,
parasites (Fig. 2B).

CXCL10 production and CXCR3 expression are induced by
L. braziliensis infection. To determine the cell type that is
susceptible to L. braziliensis infection and the origin of
CXCLI10 production, we used CFSE-labeled parasites in the
following experiments. We observed that Leishmania infection
was confined to CD14™ cells within the monocyte gate because
>95% of cells in the R, gate of infected groups were CD14*
CFSE" (Fig. 3B). Using LPS plus IFN-y as a control, we
observed that only CD14™ cells (within the monocyte gate)
produced CXCLI10 (Fig. 3C). Consistent with ELISA results
(Fig. 2A), our FACS studies confirmed that marked CXCL10
production was observed only in response to L. braziliensis
infection and by CD14" cells (Fig. 3D and E). Since cell
responsiveness to CXCL10 chemotactic gradients depends on
CXCR3 expression on the cell surface (19), we investigated
whether parasite infection had any effect on surface expression
of this receptor. We consistently observed that L. braziliensis
infection upregulated CXCR3 expression only on the surfaces
of CD14™ cells, not on CD14™ cells (Fig. 4A and B).

L. braziliensis-infected cells efficiently recruit monocytes
through chemotactic gradients. To investigate whether the
increased production of chemokines following L. braziliensis
infection had an impact on cell recruitment, we assessed the
chemotactic properties of L. braziliensis-infected cells by using
a 5-pm Transwell system. Our results showed that both L.
braziliensis-infected PBMCs and monocytes induced higher
numbers of cell migration than did L. amazonensis-infected or
noninfected cells (Fig. 5A). The use of CFSE-labeled PBMCs
in the apical chamber allowed us to quantify and type the
responding cells. As shown in Fig. 5B, chemoattractant factors
released by L. braziliensis-infected cells induced migration of
higher numbers (~46.8%) of CFSE-labeled cells compared to
L. amazonensis-infected (~34.3%) or noninfected (~38.2%)
cells. Further analysis of the migrated CFSE™ cells revealed
that L. braziliensis-infected cells preferentially induced the mi-
gration of CD14" monocytes (Fig. 5C, 61% compared to
29.3% in the control), whereas soluble factors released after
LPS/IFN-y treatment preferentially induced the migration of
CD3™" T cells. These data suggest a selective recruitment of
monocytes by L. braziliensis-infected cells.

Increased levels of inflammatory mediators in serum sam-
ples from ATL patients. To validate and extend our in vitro
observations, we analyzed the presence of inflammatory medi-
ators in serum samples from ATL patients. Using the Ray-
Biotech human inflammation antibody array in an initial
screening of inflammatory factors, we found high levels of
CXCL10, CCL2, CCL4, CCL15, sTNFRI, sTNFRII, and IL-18
in serum samples from CL and ML patients (see Fig. S3 in the
supplemental material). We then used a custom Quantibody
array and quantified the levels of 10 inflammatory factors in all
of our samples. In accordance with our preliminary results (see
Fig. S3 in the supplemental material), we detected significantly
higher levels of CXCL10, CCL4, and sTNFRII in serum sam-
ples from ML patients compared to CL patients and control
samples (Fig. 6). Our results suggest that responses to New
World species of Leishmania are differentially regulated and
that the excessive production of inflammatory mediators dur-
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FIG. 2. L. braziliensis infection induces CXCL10 production in human PBMCs and macrophages. (A) PBMCs were isolated from healthy
donors (n = 10) and infected with L. braziliensis (Lb) or L. amazonensis (La) promastigotes at a 5:1 parasite-to-cell ratio for 24 h. (B) CD14*
monocytes were isolated from healthy donor PBMCs (n = 3) and differentiated into M®s by cultivation in conditioned medium for 5 days. M®s
were infected with promastigotes at a 10:1 parasite-to-cell ratio for 24 and 48 h. Cells stimulated with LPS/IFN-y (100 ng/ml each) were used as
positive controls. The level of the indicated molecule in culture supernatants was assayed by ELISA. Values that are statistically significantly
different between the compared groups are indicated as follows: #, P < 0.05; ##, P < 0.01. Values that are statistically significantly different
between the nonstimulated control (NS) and infected groups are indicated as follows: *, P < 0.05; #*, P < 0.01; %%, P < 0.001.

ing active leishmaniasis may have an adverse impact on disease
outcome.

DISCUSSION

Infection of PBMCs from healthy donors with Leishmania
parasites can lead to induction or suppression of T-cell prolif-
eration, monocyte/dendritic cell (DC) maturation, and cyto-
kine production, depending on the parasite species tested (10,
12, 15, 30). Most of these studies, however, focus on changes
that occurred at or after 48 h of infection in vitro. During
host-pathogen interactions, the initial production of chemo-
kines and cytokines can influence both innate and adaptive
immune responses (29). In this study, we investigated the early
events following infection with two New World species of
Leishmania parasites, paying special attention to the inflam-
matory mediators involved in cell recruitment. Our studies
clearly indicate a rapid and robust induction of several chemo-
kines/cytokines during L. braziliensis, but not L. amazonensis,
infection in human cells in vitro, as well as in C57BL/6 mice
(see Fig. S2 in the supplemental material) (39) Although the in
vivo function of CXCL10/CXCR3 in human CL remains un-
clear at this stage, our findings of elevated serum levels of
CXCLI10 and other proinflammatory factors in patients with
active skin and mucosal lesions suggest a possible involvement
of these molecules in disease outcome.

Infection of human PBMCs with Leishmania parasites can
trigger the expression of different sets of inflammatory chemo-
kines. For example, Leishmania major-treated PBMCs upregu-
lated the transcription of CCL2 (22), whereas Leishmania do-
novani infection triggers the production of tumor necrosis

factor alpha (TNF-a) and IL-18 (16). In our hands, L. bra-
ziliensis infection preferentially induced strong levels of expres-
sion of CXCL10 and CCL3, as judged by RT-PCR and ELISA
(Fig. 1 and 2). A regulated production of these chemokines is
required for pathogen clearance and wound healing due to
their chemotactic potential in recruiting immune cells, such as
T cells, monocytes, DCs, neutrophils and NK cells (9, 27, 33,
34). Of note, the CXCL10 transcription levels in L. amazonen-
sis-infected cells were even lower than those observed in non-
stimulated controls (P < 0.05) (Fig. 1). This finding was con-
sistent with previous reports in human monocytes (12) and
studies of murine DCs and M®s (32, 43), indicating an im-
paired host innate immune response to L. amazonensis infec-
tion (24, 35).

The role of CXCL10 in human leishmaniasis is not clear,
although CXCL10 is well-known for its involvement in recruit-
ing monocytes, M®s, T cells, and NK cells (29) during human
viral and bacterial infections (18, 26) and organ transplantation
(8). By using a murine model of L. amazonensis infection, our
group has previously shown that exogenous CXCL10 promotes
parasite killing in M® cultures in vitro (40) and enhances the
antigen-presenting function in infected DCs (41) and that local
injection of CXCL10 significantly delays the onset of cutane-
ous lesions (40). By using an in vitro infection system, we
observed a rapid induction of CXCL10 (4 h for RNA and 24 h
for protein) in response to L. braziliensis infection, even though
the levels of IFN-y were relatively low and somewhat variable
(34.83 = 25.3 pg/ml [Fig. 2]). Several studies have reported an
alternative or IFN-y-independent mechanism for the induction
of CXCL10 production, since CXCL10 can be induced in hu-
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FIG. 3. Monocytes are the major producers of CXCL10 following L. braziliensis infection. Human PBMCs were isolated from healthy donors
(n = 6) and infected with CFSE-labeled L. braziliensis (Lb) or L. amazonensis (La) promastigotes at a 5:1 parasite-to-cell ratio for 24 h.
(A) Representative forward scatter versus side scatter plots of PBMCs cultured under different conditions are shown. Gates used to analyze
lymphocytes (R;) and monocytes (R,) are indicated. 50K, 50,000. (B) CFSE intensity was used to determine the infection rates among T
lymphocytes (CD3"), NK cells (CD3~ CD56"), and monocytes (CD14 " cells within the monocyte gate). (C) CXCL10 production in different cell
types in response to LPS/IFN-y (100 ng/ml each) stimulation was assayed by FACS. (D and E) Intracellular CXCL10 in infected monocytes
(CD14" CFSE") was measured by FACS. Values that are statistically significantly different (P < 0.001) between the compared groups are
indicated (###). Values that are statistically significantly different (P < 0.001) between the nonstimulated control and infected groups are

indicated (*#*%). Numbers shown in panel E represent the percentage of cells in each quadrant.

man monocytes after viral infection by autocrine and/or para-
crine action of type I IFNs (18).

The biological effect of CXCLI10 is also regulated by the
inducible expression of CXCR3 on the surfaces of target cells
(monocytes and T cells) (27). The necessity of CXCR3 for host
defense against L. major infection in mice is supported by
findings that CXCR3™/~ mice fail to control L. major infec-
tion, even in the presence of an efficient Th1 immune response
(6, 31). In a self-healing infection model with L. major, it has
been reported that approximately 20% of lesion-derived cells
expressed CXCR3 and that the majority of these CXCR3-
expressing cells were neither CD4" nor CD8* T cells (31).
With regard to human leishmaniasis, expression of CXCR3 on
lesion-derived cells has yet to be determined. Our in vitro
infection data provide solid evidence that CD14" monocytes

are the major target cells for Leishmania infection, the pre-
dominant producers of CXCL10 (Fig. 3), and the principal cell
type expressing CXCR3 (Fig. 4). Given that over 95% of
monocytes contained intracellular (CFSE ") parasites, but only
a portion of cells expressed CXCR3 (on average 33% in L.
amazonensis infection and 47% in L. braziliensis infection, re-
spectively [Fig. 4B]), studies are ongoing in the lab to examine
the expression of CXCL10/CXCR3 in Leishmania-infected tis-
sues.

A functional readout for CXCL10/CXCR3 in host responses
is cell migration in the Transwell system. Different from pre-
viously reported studies that have examined cell migration
within short periods of time (23), our assay analyzed migrated
cells after 14 h of host-parasite interaction in order to provide
L. braziliensis-infected cells the necessary time to produce che-
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FIG. 4. Monocyte-specific upregulation of CXCR3 after Leishma-
nia infection. PBMCs were isolated from healthy donors (n = 6) and
infected with L. braziliensis (Lb) or L. amazonensis (La) promastigotes
at a 5:1 parasite-to-cell ratio for 24 h. The levels of CXCR3 expression
on CD14™ (A) and CD14" cells (B and C) were measured by FACS.
Values that are statistically significantly different (P < 0.01) between
the nonstimulated control (NS) and infected groups are indicated (#*).
Numbers shown in panel C represent the percentage of cells in each
quadrant.

moattractant proteins. Our findings that L. braziliensis-in-
fected cells can induce the migration of donor-matched
naive cells through Transwell membranes suggest a selective
cellular recruitment during active infection. The importance
of our findings is that, within the cells that migrated in
response to chemotactic gradients, L. braziliensis-induced
attractant factors favored the recruitment of CD14" mono-
cytes (Fig. 5B). Given that blood monocytes are the precur-
sors of tissue M®s (5) and that M®s are the ultimate host
cell for Leishmania survival and replication (13), this selec-
tive recruitment of monocytes may lead to the increased
inflammatory response associated with ML.

The implication of CXCL10-mediated cell recruitment in
leishmaniasis warrants further investigation. In an attempt to
encourage this direction of investigation, we examined the
serum levels of this and other proinflammatory mediators in 27
ATL patients. ATL is prevalent in most countries of Latin
America and can be caused by up to 11 different species of
Leishmania (28). In Peru, although three species of the Viannia
subgenus [Leishmania (Viannia) braziliensis, Leishmania
(Viannia) peruviana, and Leishmania (Viannia) guyanensis] ac-
count for 93% of all the CL cases, L. braziliensis is the principal
etiological agent for ML (3, 20). Our quantification of inflam-
matory factors in serum samples from ATL patients revealed
increased amounts of CXCL10, CCL4, and sTNFRII, espe-
cially in serum samples from ML patients. These results, to-
gether with those obtained from in vitro infection in PBMCs
(Fig. 1 and 2) and in vivo studies of mice (see Fig. S2 in the
supplemental material), led us to propose that the elevated
production of CXCL10, CCL4, and sTNFRII may contribute
to extensive cell recruitment/activation and tissue damage. In
support of our view, Hailu et al. reported that patients with
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FIG. 5. L. braziliensis-infected PBMCs and monocytes efficiently
induce migration of uninfected PBMCs. PBMCs and CD14 " cells were
isolated from healthy donors (n = 4) and infected with L. braziliensis
(Lb) or L. amazonensis (La) promastigotes at a 5:1 parasite-to-cell
ratio and placed in the basal chambers of Transwell plates. Nonin-
fected, donor-matched PBMCs were labeled with CFSE, placed in the
apical chamber, and allowed to migrate in response to chemotactic
factors released from the basal chamber for 14 h. Cells stimulated with
LPS/IFN-y (100 ng/ml each) were used as positive controls. (A) The
total number of migrating cells present in the basal chamber was
counted after the incubation period. Data were normalized by sub-
tracting the migration observed in nonstimulated controls. Values that
are statistically significantly different by one-way ANOVA are indi-
cated as follows: *, P < 0.05; **, P < 0.01. (B) The percentage of
migrating CFSE" PBMCs in the basal chamber was measured by
FACS. (C) Percentages of monocytes (CD14") and T lymphocytes
(CD3™") within CFSE™ migrating cells. (B and C) Histograms from one
of four representative experiments are shown. NS, nonstimulated con-
trols.

active visceral leishmaniasis had significantly higher serum lev-
els of CXCL10, IL-15, IL-8, IFN-y, and IL-12p40 than in
asymptomatic Leishmania-infected subjects, malaria patients,
or healthy controls (14). Similarly, a recent study of pulmonary
tuberculosis revealed a positive correlation between increased
serum levels of chemokines (CXCL9, CXCL10, CCL5, and
IL-8) and the active status of the disease, as well as a positive
correlation between the high levels of CCR1, CCR2, and
CXCR2 on the surfaces of T and NK cells and disease severity
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FIG. 6. Profiles of inflammatory chemokines and cytokines in serum samples from American tegumentary leishmaniasis patients. Serum
samples were collected from a total of 13 CL patients and 14 patients with active ML. Samples from 13 healthy volunteers were used as controls.
The levels of the indicated molecules were measured with a RayBiotech custom Quantibody array. Each circle shows the value for an individual
patient or healthy volunteer, and the short horizontal bar shows the mean value for that group. Values that are statistically significantly different
between the compared groups by one-way ANOVA are indicated by bars and asterisks as follows: *, P < 0.05; #*, P < 0.01; #*%, P < 0.001.

(26). Overproduction of CXCL10 has also been associated
with other pathological conditions, such as chronic obstructive
pulmonary disease (37), human rhinovirus-induced respiratory
infections (18), and HIV-associated dementia (4). In the fu-
ture, it will be important to further evaluate intralesional ex-
pression of CXCL10 and CXCR3 in L. braziliensis-infected ML
patients. Moreover, further studies for the correlation of time
of disease versus the concentration of inflammatory mediators
in serum samples from L. braziliensis-infected CL and ML
patients will provide a definitive link between the levels of
expression of these molecules and the severity of disease.
Given that exogenous CXCL10 can promote killing of L. ama-
zonensis parasites in murine macrophages and in mice (40) and
that L. braziliensis infection is self-limited in vitro (see Fig. S1
in the supplemental material) and in mice (39), it is possible to
hypothesize that the CXCL10 induced by L. braziliensis infec-
tion may activate an autocrine leishmanicidal pathway. There-
fore, it would be of interest to examine the effects of CXCL10
neutralization on parasite survival in vitro and in animal infec-
tion and to test whether L. braziliensis-induced CXCL10 pro-
duction contributes to protective or pathogenic immune re-
sponses in leishmaniasis patients.

In summary, this study highlights the potential importance
of CXCLI10/CXCR3 expression during Leishmania infection.
For a better understanding of the roles of CXCL10 and
CXCR3 during active leishmaniasis, further studies are under
way to analyze the expression profiles of these molecules in
blood samples and lesion-derived cells obtained from ATL
patients. Collectively, our data suggest that L. braziliensis in-
fection induces the production of several proinflammatory me-
diators in human monocytes and that these factors can effi-

ciently recruit potential target cells for propagating the
infection. Moreover, the observation of a similar increase of
inflammatory mediators in serum samples from patients with
active ML suggests a potential role of these molecules in pro-
moting cell recruitment, tissue damage, and disease severity.
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