


also contribute to parasite control. Thus, neutrophils, mono-
cytes, and macrophages can control parasites by reactive oxygen
species (ROS) that are produced during phagocytosis in a pro-
cess called the respiratory burst (RB) [11]. The formation of
these ROS requires the assembly of the nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH) complex at the cell
surface [11]. Several studies indicate that murine macrophages
kill promastigotes in vitro through the production of ROS, in
some cases with the assistance of neutrophils [8, 12–15]. How-
ever, in mice this pathway is not essential, as mice deficient in
the NADPH oxidase complex are just slightly more susceptible
to leishmania infection [16] (Novais et al, unpublished data). In
humans, in vitro studies with macrophages show that ROS can
also control leishmania promastigotes, although whether this
pathway is essential in humans is more difficult to determine
than in the mouse [12, 14, 17, 18]. Moreover, several studies in-
dicate that amastigotes may not induce a RB [13, 19, 20]. Nev-
ertheless, macrophages derived from patients with chronic
granulomatous disease, an immunodeficiency due to mutations
in the NADPH oxidases required for the RB, are reported to ex-
hibit increased susceptibility to leishmania in vitro [18]. Taken
together, these results suggest that the role of both NO and ROS
in controlling leishmania in human cells is unclear and may dif-
fer between mice and humans.

In this article, we demonstrate that ROS is induced by the in-
teraction of human monocytes and both promastigote and
amastigote forms of L. braziliensis, and that ROS production
leads to parasite control. As monocytes are a heterogeneous
population, we looked into the capacity of the different mono-
cyte subsets to interact with leishmania parasites. We found that
L. braziliensis parasites were capable of either binding or infect-
ing the 3 monocytes subsets equally; however, the classical
monocyte subset had a greater capacity to induce a RB and
were better able to control the parasites. The induction of a
RB, but not NO production, led to increased control of the par-
asites in IFN-γ activated monocytes. Using an unbiased ap-
proach, we showed that genes associated with the RB are
highly expressed in the skin from L. braziliensis infected pa-
tients, whereas we did not see changes in the expression of
NOS2 in lesions when compared to naive skin. Overall, we pro-
pose that in humans, classical monocytes control L. braziliensis
through the production of ROS but not NO, both in an innate
fashion, and also following activation of monocytes by IFN-γ.

METHODS

Ethics Statement
This study was conducted according to the principles specified
in the Declaration of Helsinki and under local ethical guidelines
by the University of Pennsylvania Institutional Review Board
(Philadelphia, PA; 813 390).

Parasites
Transgenic mCherry+ L. braziliensis (MHOM/BR/01/BA788)
[21] or wild-type strains of cutaneous patients from Bahia
(MHOM/BR/01/BA788) and Ceará (MHOM/BR/94/H3227)
or mucosal patient (13 330) from Bahia, were grown in
Schneider insect medium (GIBCO) supplemented with 20%
heat-inactivated fetal bovine serum (FBS), 2 mM glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin and kept at
26°C. Metacyclic enriched promastigotes were used for infec-
tion [22] and the axenic culture of L. braziliensis amastigotes
was initiated from stationary-phase promastigotes and main-
tained in Grace insect cell culture medium (Gibco, Invitrogen
Corporation) in acidic pH (5.5) supplemented with 20% FBS
and 1% L-glutamine and maintained at 34°C. Limiting dilution
was used to quantitate the parasites in some experiments [23].

Human Peripheral Blood Monocytes
Peripheral blood monocytes were obtained from healthy donors
from the Human Immunology Core at the University of Penn-
sylvania. The RosetteSep human monocyte enrichment cocktail
kit was used to purify monocytes. Cells were infected with
amastigotes (10:1 or 2:1) or promastigotes (10:1) for 2 hours
after which extracellular parasites where removed by centrifuga-
tion. NAC (10 mM, Sigma), L-NMMA (1 mM, EMDMillipore)
and/or human IFN-γ (400 U/mL, R&D Systems) were added to
cultures where indicated. Cytospins were performed at 2 and 72
hours, stained with Diff-Quik (Siemens), and counted using
light microscopy.

ROS Detection, Flow Cytometry and Cell Sorting
Freshly isolated human monocytes (1 × 106/mL) were loaded
with dihydrorhodamine 123 (DHR, Cayman Chemical; 20 ng/
mL) for 5 minutes at 37°C in a CO2 incubator. Cells were ex-
posed to metacyclic promastigotes or axenic amastigotes for
20 minutes at 37°C in a CO2 incubator. For nitroblue tetrazoli-
um (NBT) staining, monocytes were incubated for 20 minutes
with 500 µg/mL NBT in the presence of L. braziliensis promas-
tigotes or amastigotes and stained with Diff-Quik. Monocytes
were stained for surface markers with anti-CD14 (M5E2, Pacific
Blue) and anti-CD16 (3G8, APC-Cy7) (BD Pharmingen) and
the fluorescence intensity of the cells assessed by flow cytometry
using a LSRII Fortessa (BD) and analyzed using FlowJo software
(Tree Star). Monocytes were sorted using FACS Aria (BD)
based on the expression of CD14 and CD16.

Microarray-based Expression Profiling of Human Lesions
For whole genome expression microarray, lesion biopsies were
prepared as described elsewhere [21]. Illumina HumanHT-12
version 4 expression beadchips were hybridized with cRNA
from 26 L. braziliensis lesion biopsies and 10 biopses from un-
infected donors. Data were quantile normalized and differential
expression analysis was carried out using GenomeStudio v1.8
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software (Illumina). Genes were considered differentially regu-
lated if expression increased or decreased ≥3-fold with a diff-
score of ≥13 or ≤−13 (equivalent to P ≤ .05). Data were
deposited on the Gene Expression Omnibus database for public
access (GSE GSE43880). Heat map tools available on GenePat-
tern [24]were used to graphically display differentially regulated
genes in Figure 5C.

Statistical Analysis
The data are presented as the mean ± SD of the mean. The sig-
nificance of the results was calculated using nonparametric stat-
istical tests: Mann-Whitney (2-sided t test), for comparisons
between 2 groups or Kruskal-Wallis, followed by Dunn multiple
comparison test, for comparisons between 3 groups.

RESULTS

Promastigotes and Amastigotes of L. braziliensis Induce a RB in
Human Monocytes
In studies with other leishmania species, promastigotes, but not
amastigotes, were able to induce ROS production by phagocytes
[13, 19, 20]. However, L. brazilienesis parasites are distinct
from other leishmanias and are associated with more severe

immunopathology, but often better control of the parasite.
Thus, it was possible that they might exhibit differences in
their ability to induce ROS. Therefore, we first addressed whether
both promastigotes and amastigotes of L. braziliensis could in-
duce ROS in human monocytes. To do so, we obtained purified
monocytes from healthy individuals and incubated them with di-
hydrorhodamine 123 (DHR), a cell permeable probe that once
oxidized by ROS becomes fluorescent [25]. DHR-loaded mono-
cytes were then co-cultured with promastigotes or amastigotes of
mCherry expressing L. braziliensis or PMA, as a positive control,
and analyzed by flow cytometry. Human monocytes in contact
with either promastigotes or amastigotes of L. braziliensis were
capable of producing ROS as measured by DHR oxidation
(Figure 1A and 1B). These results were confirmed by staining in-
fectedmonocytes with nitroblue tetrazolium (Figure 1C). Overall,
the data indicate that human monocytes exhibit a RB after con-
tact with both life cycle stages of leishmania parasites, which rais-
es the question of whether monocytes control L. braziliensis
through the production of ROS.

ROS Control L. braziliensis Growth in Human Monocytes
To assess if ROS inhibited amastigote growth in human
monocytes, monocytes were infected with amastigotes of

Figure 1. Amastigotes and promastigotes of Leishmania braziliensis induce ROS production in human monocytes. Human monocytes were loaded with
DHR for 5 minutes and exposed to mCherry expressing L. braziliensis (10:1) or PMA for 20 minutes. Depicted are (A) representative contour plots and (B) bar
graphs of DHR expression in mCherry+ monocytes for infected monocytes, or total monocytes for PMA. The dashed lines represent background DHR ex-
pression in unstimulated cells. C, Monocytes were exposed to L. braziliensis promastigote (10:1) or amastigotes (10:1) and incubated with nitroblue tet-
razolium. After 20 minutes the cells were harvested and stained with Diff-Quik. Data from donors [16 (promastigotes), 5 (amastigotes) and 6 (PMA)] from
independent experiments are shown. **P≤ .01. Abbreviations: DHR, dihydrorhodamine; PMA, phorbol myristate acetate.
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L. braziliensis and cultured in vitro. In some cultures we added
N-acetylcysteine (NAC), a ROS scavenger. After 2 and 72 hours,
the monocytes were harvested, and the percent of infected cells
and the number of parasites were quantified microscopically.
The percentage of monocytes infected, as well as the overall
number of parasites, was significantly greater in the presence
of NAC following infection (Figure 2A and 2B). To confirm
these results we infected human monocytes with amastigotes
in the presence or in the absence of NAC and after overnight
incubation, we harvested the cells and performed a limiting di-
lution assay to quantify the number of parasites. Consistent
with the results above, we found that parasites grew better in
monocytes that were treated with NAC in comparison to un-
treated monocytes (Figure 2C). Together, these results suggest
that human monocytes prevent L. braziliensis replication by
producing ROS.

Classical Monocytes Have a Greater RB Than Intermediate and
Nonclassical Monocytes
Human monocytes are a heterogeneous population and have
been divided into 3 different subsets based on the surface ex-
pression of CD14 and CD16 [26]. The 3 subsets have major dif-
ferences in terms of their capacity to produce cytokines,
chemokines and present antigen [27–29]. To investigate if
there was preferential production of ROS by a particular mono-
cyte subset, we examined the expression of DHR by the mono-
cyte subsets after exposure to mCherry L. braziliensis
amastigotes (Figure 3A). L. braziliensis did not preferentially in-
teract with classical, intermediate or nonclassical monocytes, as
a similar percentage of mCherry+ cells were detected for the 3
subsets (Figure 3B and 3C). However, this interaction led to dif-
ferent levels of ROS production by the monocytes subsets (Fig-
ure 3D and 3E ). Classical monocytes showed a greater capacity

Figure 2. ROS production by human monocytes controls Leishmania braziliensis infection. Human monocytes were infected with amastigotes of
L. braziliensis (2:1) and treated with NAC or were left untreated. A, Cytospins of cultures were performed at 2 and 72 hours and assessed for the percentage
of infected cells and the number of amastigotes per 100 cells using light microscopy. Data from 5 donors from experiments performed independently are
shown. B, Light microscopy pictures of representative slides stained with H&E from CTR and NAC treated cultures. C, Parasite titration from cultures of
human monocytes treated or not with NAC. Data from 8 donors from independent experiments are shown. *P ≤ .05; **P ≤ .01. Abbreviations: H&E,
hematoxylin and eosin; NAC, N-acetylcysteine; ROS, reactive oxygen species.
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to produce ROS when in contact with L. braziliensis, followed
by intermediate and nonclassical monocytes (Figure 3D and
3E ). The outcome was the same with promastigotes of L. brazil-
iensis (Supplementary Figure 1). Thus, classical monocytes have
a greater capacity to induce ROS upon encounter with leish-
mania parasites.

Classical Monocytes Control of L. braziliensis Parasites is
Dependent on ROS
We found that scavenging ROS with NAC led to an increase in
the growth of parasites within monocytes. Because we found that
classical monocytes have a greater RB, we wanted to determine if
classical monocytes were preferentially able to control
L. braziliensis. In order to do so, monocytes from healthy donors
were sorted by flow cytometry into CD14highCD16neg monocytes
or CD16pos monocytes and infected with amastigotes of L.

braziliensis with or without NAC for 72 hours. Inhibition of
the RB using NAC enhanced both the percentage and number
of amastigotes found in classical monocyte cultures (Figure 4A).
As predicted, nonclassical and intermediate monocytes did not
control L. braziliensis by ROS production, as inhibition with
NAC did not significantly increase the number of infected cells
or parasites present in the cultures (Figure 4B).

IFN-γ Induced Killing by Human Monocytes Is Dependent on
ROS
Our results indicate that without activation monocytes control
L. braziliensis by the production of ROS. In an established leish-
manial lesion, however, there is an intense pro-inflammatory
environment, where IFN-γ, a key cytokine in phagocyte activa-
tion, is present [3].To determine if IFN-γ dependent killing also
involved ROS, we infected monocytes with L. braziliensis, and

Figure 3. Classical monocytes have a greater RB after interaction with amastigotes of Leishmania braziliensis. Human monocytes were loaded with DHR
for 5 minutes and stimulated with amastigotes of L. braziliensis expressing mCherry. Cells were stained with CD14 and CD16 antibodies and analyzed by
flow cytometry. Depicted are (A) representative coutour plots from one donor showing the monocyte subset gating strategy; (B) representative contour plots
and (C) bar graph from interactions with the monocyte subsets and L. braziliensis; (D) counter plots and (E ) bar graph from the DHR expression among the
distinct monocyte subsets. Data from 6 donors from independent experiments are shown. *P≤ .05; **P≤ .01. Abbreviations: DHR, dihydrorhodamine; RB,
respiratory burst.
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stimulated some of the cells with IFN-γ. Confirming the data
shown above, in amastigote-infected monocytes there is more in-
fection and replication of parasites in the absence of ROS (Fig-
ure 5A). As expected, addition of IFN-γ increased the capacity
of human monocytes to control L. braziliensis as determined
by the percentage of infected monocytes, as well as the number
of amastigotes present at 72 hours (Figure 5A). Inhibition of ROS
in IFN-γ treated monocytes partially restored the parasite
growth/survival in cultures treated with NAC alone by both fre-
quency of monocytes infected and number of parasites (Fig-
ure 5A). These results suggest that ROS is important for the
control of L. braziliensis in both resting and IFN-γ activated
monocytes. However, the ability of NAC to reverse the killing
of parasites induced by IFN-γ was only partial, which raises the
question if NO production might also contribute to killing.

Nitric Oxide Does not Control L. braziliensis in vitro or in
Leishmanial Lesions
NO is essential in the control of leishmania in the mouse. There-
fore, we next tested if NO could be playing a role in IFN-γ depen-
dent control of L. braziliensis in human monocytes. Monocytes
were infected with L. braziliensis and activated with IFN-γ in

the presence or absence of L-NMMA, a nitric oxide synthase in-
hibitor. Treatment of infected monocytes with L-NMMA had no
effect on the frequency of infected monocytes or the number of
amastigotes found in cultures, for both IFN-γ treated or untreated
monocytes (Figure 5B). In addition, we also assayed the culture
supernatants and were unable to detect NO (data not shown).We
performed similar experiments with L. braziliensis isolated from a
cutaneous leishmaniasis patient (13 330) and a mucosal patient
(CE3227), with similar results (Supplementary Figure 2). Thus,
L. braziliensis parasites are killed by IFN-γ activated monocytes
without generating NO.

Although the in vitro experiments clearly demonstrate that
NO is not required for IFN-γ dependent killing of L. brazilien-
sis, it was possible that NO was contributing to parasite control
within the lesions from patients. To address this we carried out
whole genome expression profiling of lesions from patients in-
fected with L. braziliensis. Over 500 genes were more highly ex-
pressed (≥3-fold with P≤ .05) in lesions compared to normal
skin from uninfected donors (data not shown). As expected,
we found an increase in genes associated with a Th1 response,
including IFN-γ, tumor necrosis factor α (TNF-α), STAT-1 and
STAT4 (Figure 5C). In contrast, there were minimal changes in
Th2 associated genes, as seen by similar expression levels of in-
terleukin 4 (IL-4), interleukin 13 (IL-13), STAT-6, Arginase
(ARG2), and Resistin-like beta (RETNLB) between normal
skin and lesions (Figure 5C). To determine how parasites
might be controlled within these lesions with a strong Th1 en-
vironment, we examined the expression of genes associated with
the RB and NO production. Despite the Th1 cytokine signature
detected in L. braziliensis skin lesions, there was no differential
expression of NOS2 (inducible nitric oxide), whereas we found
that all the components of the NADPH oxidase complex
(NCF1, NCF2, NCF4, CYBA, CYBB) increased in lesions in
comparison to normal skin (Figure 5C). In addition, we ob-
served increased gene expression of members of the Rho family
of GTPases (ARHGAP4, ARHGAP9, ARHGAP15, ARH-
GAP30, VAV1) that positively regulate NADPH oxidases. Nota-
bly, RAC2, a Rac isoform expressed in hematopoietic cells, is
present at higher levels than in normal skin. This is in contrast
to RAC1, which is known to be expressed in nonhematopoietic
cells, suggesting that the assembly of the NADPH oxidase is
happening in phagocytes present in the skin [30]. In contrast,
there is no changed expression in CDC42, a negative regulator
of RAC2. These results suggest that in humans the production
of ROS is an important mechanism in controlling L. brazilien-
sis, although it is likely that NO is not playing a major role in the
control of leishmania parasites in the human skin.

DISCUSSION

Leishmania infects and replicates in monocytes, macrophages
and dendritic cells, and their control is dependent upon these

Figure 4. Classical monocytes control Leishmania braziliensis by ROS
production. Human monocytes were stained for flow cytometry and sorted
as classical or intermediate and nonclassical based on their expression of
CD14 and CD16. Sorted monocytes were infected with amastigotes of
L. braziliensis (2:1) with or without NAC. Cytospins of cultures were per-
formed at 72 hours and assessed for the percentage of infected cells and
the number of amastigotes per 100 cells using light microscopy. Data from
4 donors from experiments performed independently are shown. Abbrevi-
ations: NAC, N-acetylcysteine; ROS, reactive oxygen species.
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Figure 5. ROS, but not NO, production is implicated in the control of Leishmania braziliensis in vitro and in the skin of L. braziliensis patients. Human
monocytes were infected with amastigotes of L. braziliensis (2:1) and cytospins of cultures were performed at 2 and 72 hours. Cultures were assessed for
the percentage of infected cells and the number of amastigotes per 100 cells using light microscopy. Cells were treated with or without (A) NAC, IFN-γ or
NAC + IFN-γ; (B) LNMMA, IFN-γ or LNMMA + IFN-γ. Data from 6 donors from experiments performed independently are shown. *P≤ .05; **P≤ .01. (C)
Heatmap showing induction of genes obtained from a microarray profiling of 26 human lesions and 10 normal skin biopsies. Average fold change (FC) for
each gene in lesion samples, relative to normal skin controls, is shown. Abbreviations: IFN-γ, interferon γ; NAC, N-acetylcysteine; NO, nitric oxide; ROS,
reactive oxygen species.
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cells killing the parasites. The overwhelming majority of studies
directed at understanding how this occurs have been done with
macrophages, in spite of the fact that other myeloid lineage cells
play a role in the infection. Many of these studies have been
done with L. major or L. donovani, and how other parasite spe-
cies are controlled is less well defined. Furthermore, most of the
focus has been given on how the interactions between macro-
phages and promastigotes–the infective form transmitted by
the sand fly–rather than the amastigote form–which will be in-
teracting with host cells throughout the infection. Here we have
focused on how human monocytes control the amastigote form
of L. braziliensis, a parasite that causes significant disease in
South America. We show that resting human monocytes are
able to control L. braziliensis amastigotes by the production
of ROS, and that once activated by IFN-γ, it is still ROS, rather
than NO, that contributes to parasite control.

The generation of ROS by phagocytes is a major protective
mechanism used to control pathogens. Importantly, ROS are
produced by phagocytes without prior activation, and thus
play a crucial role in innate resistance [11]. Previous studies
found that promastigotes induced, and were sensitive to, ROS
[8, 12, 14, 17, 19, 20, 31, 32]. In contrast, several studies indicated
that amastigotes fail to induce ROS [13, 19, 20] with few excep-
tions [33]. The consequence of these findings is that the role for
ROS is limited to the first few hours of the infection, before the
promastigotes have transformed to amastigotes. However, our
studies indicate that L. braziliensis amastigotes survive and rep-
licate much better in the absence of ROS, suggesting that in
individuals infected with L. braziliensis ROS-producing mono-
cytes recruited to the lesions may help control the parasites long
after the initial infection. This indicates that ROS may play a
more important role in L. braziliensis infections than with
other species of leishmania.

The mechanisms of control of leishmania parasites in mice
are very clear and require the activation of Th1 responses,
which leads to iNOS upregulation by phagocytic cells [2].
This results in NO production and parasite killing [34]. In hu-
mans, however, the capacity of phagocytic cells to upregulate
iNOS and produce NO appears to be under much tighter reg-
ulation [35]. Indeed, although NOS2 dependent NO may be
produced in certain situations by human cells [8, 10, 32, 36,
37], in vitro activated human phagocytes do not produce NO
[35]. This has led to a continuing controversy as to the impor-
tance of iNOS in human phagocyte-mediated killing [5, 6]. One
explanation for this controversy may be that specific tissues can
differentially regulate killing mechanisms [16]. Furthermore,
Leishmania parasites may regulate the production of effector
molecules, for example, by inducing the production of interleu-
kin 10 (IL-10) by immune cells [38]. Our studies indicate that
for L. braziliensis infections, NO is unlikely to contribute to par-
asite control. First, we were unable to measure any NO pro-
duced by human monocytes following activation with IFN-γ,

in spite of the ability of these cells to kill the parasites. Moreover,
to ensure that some low level of NO was not influencing killing,
we blocked NO production with the inhibitor L-NMMA, and
found no effect. Finally, we performed transcriptional analysis
on biopsies from L. braziliensis patients, and saw no change in
the expression of NOS2. Taken together, we conclude that in
human L. braziliensis infections NO does not play a role in con-
trolling parasites in the skin or in vitro by human monocytes.
The ROS scavenger NAC only partially block the killing in-
duced by IFN-γ, and we hypothesize that the amount of NAC
added to cultures was not enough to scavenge all the ROS pro-
duced by IFN-γ activated monocytes. Alternatively, other as yet
to be defined mechanisms might be involved in IFN-γmediated
killing.

Human monocytes are a heterogeneous population, based on
their CD14 and CD16 expression [29], although the functional
roles for these subsets is still being explored [27, 28]. Notably,
the frequency of the least abundant subsets, intermediate and
nonclassical, increases during certain diseases, including leish-
maniasis [39–42] (Carvalho et al, unpublished data). The signif-
icance of these increases remains unclear, but it indicates that it
is critical to understand their role not only in healthy individ-
uals but also during disease. We found that only classical mono-
cytes control L. braziliensis by the production of ROS,
supporting the idea that human monocyte subsets play different
immunological roles during infection.

Overall, this study indicates that ROS is an important mecha-
nism of parasite control, not only during the initial stage of L. bra-
ziliensis infection, but potentially throughout the disease. This
may contribute to the fact that L. braziliensis parasites are scarce
in patients’ lesions. However, the ability of parasite to stimulate
ROS production throughout the infection may also contribute
to the immunopathology that is characteristic of L. braziliensis.
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