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*Instituto de Biofisica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil; †Bioscience Research Institute, Ibn

Sina University, Khartoum, Sudan; and ‡Department of Biology, York Biomedical Research Institute, University of York, York, United

Kingdom

ABSTRACT: Visceral leishmaniasis is a deadly illness caused by Leishmania donovani that provokes liver and spleen
inflammation and tissue destruction. In cutaneous leishmaniasis, the protein of L. major, named inhibitor of serine
peptidases (ISP) 2, inactivates neutrophil elastase (NE) present at the macrophage surface, resulting in blockade of
TLR4 activation, prevention of TNF-a and IFN-b production, and parasite survival. We report poor intracellular
growthofL.donovani inmacrophages fromknockoutmice forNE (ela2/2),TLR4,orTLR2.NEandTLR4colocalized
with the parasite in the parasitophorous vacuole. Parasite load in the liver and spleen of ela2/2 mice were reduced
and accompanied by increased NO and decreased TGF-b production. Expression of ISP2 was not detected in L.
donovani, and a transgenic line constitutively expressing ISP2, displayed poor intracellular growth inmacrophages
and decreased burden in mice. Infected ela2/2 macrophages displayed significantly lower IFN-b mRNA than
background mice macrophages, and the intracellular growth was fully restored by exogenous IFN-b. We propose
that L. donovani utilizes the host NE-TLR machinery to induce IFN-b necessary for parasite survival and growth
during early infection. Low or absent expression of parasite ISP2 in L. donovani is necessary to preserve the
activation of the NE-TLR pathway.—Dias, B. T., Dias-Teixeira, K. L., Godinho, J. P., Faria, M. S., Calegari-Silva,
T.,Mukhtar,M.M., Lopes,U.G.,Mottram, J.C.,Lima,A.P.C.A.Neutrophil elastasepromotesLeishmaniadonovani
infection via interferon-b. FASEB J. 33, 10794–10807 (2019). www.fasebj.org
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The leishmaniases comprise a spectrum of diseases that
vary from self-healing cutaneous lesions to visceral infec-
tions that are causedbymore than20species ofLeishmania.

Visceral leishmaniasis (VL) is a severe andpotentially fatal
disease characterized by pathologies in the liver and
spleen. It remains a major cause of mortality in many
tropical countries, with an incidence of;90,000 new cases
per year and ;350 million people at constant risk of in-
fection (1) in regions including Africa, Southeast Asia,
southern Europe, eastern Mediterranean, and Latin
America. VL is caused by the intracellular protozoa
Leishmania infantum (syn. L. chagasi), which is prevalent
in Latin America, or L. donovani, which is prevalent
throughout and temperate regions of Africa and southern
Asia (1).Theparasite replicates in thephlebotominevector
as the flagellated promastigote form that subsequently
differentiates into infective metacyclic promastigotes.
Following the bite of infected sand flies, metacyclics are
internalizedbyphagocytes and replicate as amastigotes in
the parasitophorous vacuole of infected macrophages,
maintaining chronic infection (2).

Both host genetic background and immunity and
parasite-related determinants are likely crucial to define a
viscerotropic phenotype and pathology (3). Comparison
of the genomes of species that cause cutaneous leishman-
iasis with different clinical manifestations [i.e., L. major, L.
braziliensis, L. mexicana, and the genome of the L. donovani
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(4, 5)] revealed only 19 L. donovani–specific genes. Differ-
ential gene expression, rather than species-specific genes,
could play a central role in the parasite phenotype and
clinical outcome. Studies comparing anaturally attenuated
strain ofL. donovani fromSri Lanka that causes cutaneous
infection in a population with increased virulence re-
covered after systematic passage through the viscera of
mice revealed increased levels of proteins associated
with stress antioxidant responses (6). In experimental
infections, the immune response of the mammalian host
contributes to promote or control the parasite burdens.
As an example, agents of innate immunity such as TLRs
have been implicated in parasite control: expression of
TLR2 andTLR4 in the liverwere associatedwith parasite
burden in L. infantum–infected mice (7), and TLR4 was
proposed to act in synergy with NK cells to control VL
during immunotherapy (8).On the other hand, studies in
TLR knockout mice suggested that TLR2 and TLR4 play
antagonizing roles in the promotion vs. control of L.
donovani burden, respectively (9), whereas engagement
of TLR2 and of the mannose receptor was recently sug-
gested to slow down phagosome maturation in infected
macrophages (10). In addition to microbe-derived TLR
ligands, host-derivedmolecules such asa-synuclein (11),
heparan sulfate (12), fibrinogen (13), fibronectin (14), and
the serine peptidase neutrophil elastase (NE) can also
activate TLRs to trigger innate response mechanisms
(15). Of relevance to Leishmania infection, NE was im-
plicated in L. major killing in macrophages through a
TLR4-dependent mechanism (16, 17).

We have previously described that L. major has 3 single
genes [inhibitor of serine peptidases (ISP) 1, ISP2, and
ISP3] that share similarity with bacterial ecotin, which
encodes an inhibitory protein of serine peptidases (18).
Transgenic L. major knockout for ISP2 and ISP3 is
more susceptible to killing by macrophages and displays
delayed intracellular growth related to superoxide pro-
duction triggered by anNE-TLR4–dependentmechanism
(17). Such responses also require TLR2, resulting in the
activationofproteinkinaseRand theproductionofTNF-a
and IFN-b, which contribute to parasite killing (19). ISP2
knockout parasites were likewise unable to sustain pro-
longed infections in C57BL6 mice, which was paralleled
with increased infiltration ofNOS2-expressingmonocytes
at the lesion site and increased signs of inflammation (20).
Those observations helped to define ISP2 as a virulence
factor required for successful infection by L. major (21, 22),
but the potential contribution of ISP2 in modulating NE
activity and infection in VL has not been investigated.
mRNAto ISP2wasdetected inL. donovani (23), andstudies
in vitro using recombinant ISP2 from this species [L.
donovani inhibitor of serine peptidase 2 (LdISP2)] showed
that it can inhibit trypsin and NE (24, 25). Recombinant
ISP2also inhibited serinepeptidasesof the sand flymidgut
in vitro, and transgenic lines knocked down to ISP2 were
more susceptible to sand fly peptidases and less fit to
survive in the midgut (23). Other studies applying treat-
ment of infected RAW cells with recombinant LdISP2
showed slight reduction of infection and of NO produc-
tion (25). Recombinant LdISP2 was recently shown to in-
hibit the complement-related serine peptidases and C3c

and C5c generation (26). However, the ISP2 gene is trun-
cated in the genome of the L. donovani reference strain
BPK282A1, suggesting that some L. donovani strainsmight
not express a functional ISP2 inhibitor, which could in-
fluence the control of serine peptidase activity during in-
fection. We asked if the engagement of the NE-TLR
signaling platforms played a role in visceral infection.

We show that L. donovani depends on NE activity to
establish infection inmacrophages and todevelopparasite
burden in the liver. Furthermore, the molecular mecha-
nism associated with NE dependency requires TLR4 and
IFN-b, and IFN-b production is significantly reduced
upon expression of ISP2 in transgenic L. donovani, nega-
tively affecting parasite fitness.

MATERIALS AND METHODS

Parasites and transgenic mice

L. donovani strain from the Sudan (MW897) was grown as pro-
mastigotes in hemoflagellate modified Eagle’s medium (desig-
natedHOMEMmedium)supplementedwith10%heat-inactivated
fetal calf serum (FCS) at 25°C. Parasites were passed through
CB57BL6mice for 20 d and recovered from the spleen for culture
in HOMEM-FCS. The cultures were diluted (passed) weekly at
2 3 106/ml and kept for up to 5 passages. Extracellular amasti-
gotes were generated by culturing L. donovani stationary-phase
promastigotes in Schneider’sDrosophilamedium (Thermo Fisher
Scientific,Waltham,MA,USA), pH 5.4, supplementedwith FCS
20% at 37°C for 6 d. Viability of the amastigotes was confirmed
through the observation of parasite growth as amastigotes by
daily counting inNeubauer chamber.NEknockoutmice (ela22/2)
(27)were kindlydonatedbyDr. BernhardRyffel [CentreNational
de la Recherche Scientifique (CNRS), Orleans, France], and the
colonieswere kept at LaboratóriodeAnimaisTransgênicos (LAT)
at Universidade Federal do Rio de Janeiro (UFRJ; Rio de Janeiro,
Brazil). Tlr22/2 and tlr42/2 mice were donated by Dr. Marcelo
Bozza (UFRJ) for each experiment. All mice were handled
according to approved ethics committee [Comissão de Ética no
Uso de Animais (CEUA) 034/15–UFRJ].

Generation of L. donovani transgenic lines

A fragment containing the L. major ISP2 open reading frame (477
bp) was generated by PCR using as primers OL1812 and cloned
into pGL1177 downstream of the 59UTR of the rRNA gene, as
previously describedbyEschenlauer et al. (18). The constructwas
digestedwithPacI andPmeI andpurified fromagarosegelsprior
to transfection. In total, 5 3 107 midlog-phase promastigotes
forms of L. donovani were electroporated with 10 mg of the line-
arized integration cassettes using the Amaxxa electroporator
(Lonza Corp., Portsmouth, NH, USA). The transfectants were
cloned by limiting dilution and selected with 50 mg/ml puro-
mycin. Genomic DNA from the resistant clones was isolated to
check for the correct integration of the constructions by PCR.

Western blotting

In total, 2 3 107 stationary-phase promastigotes of L. major or L.
donovanior23107axenicamastigotesofL.donovaniwerecollected,
washed in PBS, resuspended in 50 ml of SDS-PAGE sample buffer
containing 2-ME, and boiled for 5min. The soluble fractions of cell
lysates were separated by 14% SDS-PAGE, and the proteins were
transferred onto a PVDFmembrane. The membrane was blocked
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in Tris-buffered salinewith 0.05%Tween 20 (TBS-T)with 9%w/v
nonfat dry milk for 1 h at room temperature. Membranes were
washed 3 times for 5min eachwithTBS-T. Sheep antiserum raised
against recombinant ISP2 (18) was diluted 1:300 in TBS-T and in-
cubated for 2 h. After 3 washes, secondary anti-sheep antibodies
coupled to horseradish peroxidase (Santa Cruz Biotechnology,
Dallas,TX,USA)wereusedat a1:10,000dilutionand incubated for
2 h. Antibodies to a-tubulin (MilliporeSigma, Burlington, MA,
USA) at 1:4000 dilution were used for loading control.

Macrophage infection assays

Peritoneal macrophages from C57BL/6, ela22/2, tlr22/2, and
tlr42/2mice were elicited by injection of 1% thioglycolate sterile
solution in theperitoneal cavity.After 3d, the cellswere collected
upon injectionof 5mlof ice-coldRoswell ParkMemorial Institute
(RPMI) 1640 medium (MilliporeSigma) in the peritoneal cavity.
The cellswerewashed andplated onto glass coverslips at 43 105

cells per well in a 24-well tissue culture plate and cultivated
overnight at 37°C in RPMI supplemented with 10% of FCS
(Cultilab, Campinas, Brazil). After 24 h, the monolayers were
washed with HBSS, and the adherent cells were infected with
late-stage promastigotes (culture density of 3 3 107/ml) of L.
donovani at a 5:1 parasite:cell ratio in RPMI and supplemented
with 0.1% bovine serum albumin (BSA; MilliporeSigma) at 37°C
for 3 h, followed by washing, fixation with 70% methanol, and
Giemsa staining. In all experiments, parasites that recovered
from infected mice and were kept for 3–5 weekly passages in
culturewere used. For survival assays, after the 3 h infection, the
cultures were washed 3 times with HBSS for removal of extra-
cellular parasites and further cultured for 24 or 72 h in RPMI 10%
FCS before fixation and staining. The number of intracellular
parasites was determined by counting at least 100 cells per rep-
licateunder the lightmicroscopeat3100oil immersionobjective.
Where indicated in the figure legends, the irreversible inhibitor
of NE (NEI), O-methoxy-succinyl-alanyl-alanyl-prolyl-alanyl-
chloro-methylketone (10 mM; Calbiochem, San Diego, CA,
USA),was added to themacrophages 5minbefore addition of the
parasites. In the experiments of receptor neutralization, 10mg/ml
anti-mouse TLR4 neutralizing antibodies (CD284/MD2 complex
cloneMTS510;ThermoFisherScientific) or10mg/ml IgG(IgG2aK
control cloneeBR2a)were incubated for30minwithmacrophages
in RPMI-FCS, and the monolayers were washed twice before in-
fection with the parasites at 37°C in RPMI-BSA. Where indicated
in the figures, after 3 h of infection followedbywashing, 200 ng/ml
NE (Calbiochem) was added, and the cultures were cultivated
for 72 h in RPMI-FCS. One thousand units per milliliter IFN-b
(BioLegend, San Diego, CA, USA) or different concentrations of
IFN-a (Thermo Fisher Scientific) were added to cultures that had
been previously infected for 3 h and washed for removal of ex-
tracellular parasites and cultivated for 72 h in RPMI-FCS. Where
appropriate, 50mMEUK134 (Calbiochem) or 1mMofNW-nitro-
L-arginine methyl ester hydrochloride (L-Name; MilliporeSigma)
werepreincubatedwithmacrophages andwashedbefore infection.
Twenty-five micrograms per milliliter polyinosinic-polycytidylic
acidsodiumsalt (poly:IC)wasaddedtoculturesafter3hof infection
and incubated for the indicated times.

Immunofluorescence

Thioglycolate elicited peritoneal macrophages from C57BL/6
mice plated onto coverslips in 24-well tissue culture plates cul-
tured overnight in RPMI-FCS. After 24 h, monolayers were
washed 3 times, and adherent macrophages were infected with
L. donovani or L. donovani:ISP2 in RPMI supplementedwith 0.1%
BSA for 3 h at 37°C. The cultureswerewashed and fixedwith 1%
paraformaldehyde for 15 min at 37°C, followed by washes with

PBS or washed and cultivated in RPMI-FCS for 72 h before fix-
ation. After the fixation step, the cells were permeabilized with
0.1% Triton X-100 for 5 min at room temperature, washed with
PBS, incubated with 0.1 M glycine for 20 min at room tempera-
ture, andwashed and blocked in PBS containing 1% BSA for 1 h.
The cells were incubated with rabbit anti-NE antibodies at 1:200
dilution (ab68672; Abcam, Cambridge, MA, USA) for 2 h. After,
the coverslips were extensively washed with PBS and incubated
with cyanine 3–conjugated anti-rabbit IgG (1:1,000 dilution) for
1 h. After washing, the cells were incubated with anti-TLR4 an-
tibodies at 1:100dilution (ab13556;Abcam) for 2 h.After, the cells
were extensively washed with PBS and incubated with 488-
conjugated anti-rabbit IgG at 1:1,000 dilution for 1 h. Coverslips
were treated with DAPI for 5 min. The slides were mounted in
Dabco on coverslips. Samples were analyzed by Zeiss LS480
confocal microscope (Carl Zeiss, Oberkochen, Germany) under
a360 oil immersion objective.

In vivo infections

In total, 3 3 107 stationary-phase promastigotes in PBS were in-
jected in the retro-orbital cavity of C57BL/6mice or ela22/2mice
(6 mice per group). After 7 d, the mice were euthanized, and the
spleen and liver were collected. The liver was ruptured to ho-
mogeneity with the back of a syringe through a nylonmembrane
in HOMEM medium (Thermo Fisher Scientific) supplemented
with 10% FCS. One hundred microliters of the cell homogenates
were submitted to 24-fold serial dilutions in 96-well plates and
cultivated for 7 d in 27°C for parasite burden analysis; the highest
dilution well was used to estimate the number of parasites mul-
tiplied by the dilution factors. The spleens were macerated and
diluted in serial 10-fold dilutions (1:10, 1:100, 1:1000). The cultures
were maintained in HOMEM medium supplemented with 10%
FCS for 7 d for parasite growth before estimation of burdens.

ELISA and nitrite concentration

In total, 33107 stationary-phasepromastigoteswere injected in the
retro-orbital cavity of C57BL/6 mice or ela22/2 mice (6 mice/
group) in PBS. After 7 d, themicewere euthanized, and the organs
(spleenand liver)weremaceratedaspreviouslydescribed.Thecells
were centrifuged and resuspended in ammonium-chloride-
potassium solution for 30 s followed by addition of PBS. The cells
were collected by centrifugation at 200 g for 5 min, and PBS wash
steps were repeated 2 additional times. The cells were centrifuged
and resuspended inRPMI-FCS. Subsequently, the cellswereplated
in 48-well plates and cultivated for 48 h before collection of super-
natants. Where indicated, parasite total antigen (Ag) was obtained
byrepeatedcycles freeze-thawof13107L. donovanipromastigotes.
Cytokine concentrations in supernantants were determined by
ELISA (BD Biosciences, San Jose, CA, USA). Nitrite was measured
with 50 ml of culture supernatants by the Griess method.

Quantitative PCR assays

Thioglycolate-recruited peritoneal macrophages from C57BL/6
or ela22/2 mice were infected with stationary-phase promasti-
gotes at a 10:1 parasite:cell ratio in RPMI-BSA at 37°C for 2 or 6 h.
The cells were washed for removal of noninternalized parasites.
Total RNA was extracted with the RNeasy Mini Kit (Qiagen,
Germantown,MD,USA), and cDNAwas synthesizedusing1mg
of RNA and the Improm Kit (Promega, Madison, WI, USA).
Real-time quantitative PCR (qPCR) assays of first-strand
cDNA were performed with Step One (Thermo Fisher Scien-
tific) and Sybr Green (Promega). The expression ratios were
computed via the DDCt method. The primers used were as
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follows: glyceraldehyde 3-phosphate dehydrogenase (sense:
59-TGCACCACCACCTGCTTAGC-39, antisense: 59-GGCATGG-
ACTGTGGTCATGAG-39); IFN-b (sense: 59-TCCAAGAAAG-
GACGAACATTCG-39, antisense: 59-TGAGGACATCTCCCAC-
GTCAA-39); IFN-a (sense: 59-CTGGCTGTGARRAMATACTTCC-
39, antisense: 59-TTCTGCTCTGACMACCTCC-39).

Statistical analyses

Statistical analyses were performed using Prism 7.0 (GraphPad
Software, La Jolla, CA, USA). The data were analyzed by 1-way
ANOVA using the Bonferroni posttest at a significance level of
5%. The data were analyzed by 2-way ANOVA using the Bon-
ferroni posttest at a significance level of 5%. The data were ana-
lyzed by multiple Student’s t tests.

RESULTS

To address the role of NE and its potential modulation by
ISP2 in infectionswith viscerotropic Leishmania, we used an
L. donovani strain from the Sudan (MW897). First, we eval-
uated the ability of this strain to cause VL in experimental
murine infections. To this end,we injected stationary-phase
promastigotes intomice andmeasured parasite burdens in
the viscera of these animals. We observed parasitemia in
both liver and spleen 7 d postinfection (Fig. 1A). The bur-
dens at the liver were 10-fold higher than in the spleen up
to d 21. At d 30, the parasite burden of the liver decreased,
whereas in the spleen, the parasite burden increased 10-
fold. Those observations prompted us to use this model to
address the potential role of the NE-TLR axis underlying
infection and its regulation by parasite ISP2.

Considering that in the L. donovani BPK282A1 (refer-
ence strain: TryTripDB) genome the ISP2 gene (LdBPK_
150530.1) is apseudogene (truncated),weverified the ISP2
gene in the L. donovaniMW897 strain. The ISP2 gene was
cloned and sequenced and found to be intact (Supple-
mental Fig. S1). Theoverall predicted aminoacid sequence
similarity of L. donovaniMW897 ISP2 to L. major ISP2 was
;91%. Next, we used pAb raised against recombinant

ISP2 (18) to check ISP2 expression at the protein level in L.
donovaniMW897 late-stagepromastigotes byWesternblot.
Wedid not detect ISP2 in the lysates of L. donovaniMW897,
although itwas readilyobserved inwild-type (WT)L.major
andabsent in ISP2knockoutLmajor (Disp2/3) (Fig. 1B). ISP2
could be either not expressed or expressed below the de-
tection limit byWesternblotting inL. donovani. Lackof ISP2
expressionsupports thehypothesis that, in contrast towhat
has been observed in L. major infections (17, 19), the
NE-TLR4 signaling axis is active in L. donovani infections.

We first evaluated the role of NE in the infection of peri-
toneal macrophages of C57BL/6 mice with L. donovani
MW897 (Fig. 2). Most of the parasites that were phagocy-
tosed after 3 h of interaction survived inside the macro-
phages for up to 24 h (Fig. 2A). However, in the presence of
10 mM, an NEI (O-methoxy-succinyl-alanyl-alanyl-prolyl-
alanyl-chloro-methylketone), which is specific for NE and
proteinase3,only;50%oftheparasites internalizedafter3h
of interaction survived inside themacrophages for 24 h (Fig.
2A), suggesting that NE activity is important for parasite
survival.Wedidnot observe any effect ofNEI in the growth
of promastigotes in culture (unpublished results). Similar
data were obtained when macrophages fromNE knockout
mice (ela22/2) were infected (Fig. 2B), confirming that ap-
proximately half of the intracellular parasites were elimi-
nated when NE is not present. Subsequently, we followed
the infection up to 72 h to evaluate the contribution ofNE to
the growth of intracellular amastigotes. We observed com-
parable parasite reduction in 24 h and a modest increase in
parasite numbers up to 48 h, followed by a significant in-
crease at 72 h postinfection in WT macrophages (Fig. 2C).
However, there were 3-fold fewer parasites in ela22/2

macrophages at 72 h as comparedwithmacrophages ofWT
mice (Fig. 2C), suggesting that NE is important for the es-
tablishment of L. donovani infections in murine macro-
phages. Next, we added exogenous NE to infected
macrophages to verify whether the lack of NE was solely
accounting for the lowparasiteburdensobserved in ela22/2

macrophages at 72 h (Fig. 2D). Exogenous NE did not
significantly affect the number of intracellular parasites in

Figure 1. Course of L. donovani
infection in C57BL/6 mice. A)
Late stage. promastigotes of L.
donovani MW897 (3 3 107)
were washed in PBS and in-
jected in C57BL/6 mice (n = 6);
at the indicated time points
postinfection, parasite burdens
were assessed by limiting di-
lution. The experiment was
performed 3 independent times
(6 animals/group). The figure
shows 1 representative experi-
ment. *P , 0.05, ***P , 0.001,
****P, 0.0001. B) Expression of
ISP2 is not detected in L. dono-
vani MW897. Late-stage promas-
tigotes (2 3 107) were washed
twice in PBS and lysed in SDS-

PAGE sample buffer in reducing conditions, and ISP2 expression was assessed by Western blot using antiserum raised against
recombinant L. major ISP2 (18). L. major ∆isp2/isp3 is a knockout line for the ISP2 and ISP3 genes and was used as a negative control.
Antibodies to tubulin were used as loading control.
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C57BL/6 macrophages in 72 h, whereas it restored amas-
tigote numbers in ela22/2 macrophages similar to that of
WT macrophage levels (Fig. 2D).

In macrophage infections with L. major, we and others
have previously shown that NE exerts its leishmanicidal ef-
fect through TLR4 (16, 17). TLR2 is also implicated in the
NE-dependentcontrolofL.major infection inmacrophages in
vitro (19). Becauseweobserved that lackofNEprevented the
intracellular development of L. donovani, we tested whether
the absence of TLRs would have the same effect (Fig. 3). In
C57BL/6macrophages, thenumber of intracellularparasites
increased by 2-fold between 3 and 72 h (Fig. 3A, white bars).
However, whereasmacrophages from TLR2 knockoutmice
(tlr22/2) internalized L. donovani to the same extent as WT
macrophages in 3 h, we did not observe an increase in par-
asite numbers in the following 72 h in the tlr22/2 macro-
phages (Fig. 3A, gray bars), suggesting that TLR2 is required
for parasite intracellular growth. The same phenotype was
observedinmacrophagesfromTLR4knockoutmice(tlr42/2),
in which the numbers of intracellular parasites 72 h post-
infection were similar to those after uptake at 3 h and also
significantly lower as compared with those in WT macro-
phages at 72 h (Fig. 3A, dark gray bars). To address if NE
exerts its beneficial effect for the development of intracellular
L. donovani through theNE-TLR4axis,we testedwhether the
restoration of parasite growth in ela22/2 macrophages re-
quiredTLR4. To that end, TLR4wasblockedbyneutralizing

antibodiesprior to theadditionofexogenousNE(Fig.3B).As
expected, neutralizing antibodies to TLR4 did not affect
parasiteuptake in3h,andweobservedadecrease inparasite
numbers at 72 h in macrophages untreated or treated with
anti-TLR4 or with control IgG (Fig. 3B). Addition of exoge-
nousNErestoredparasitegrowth toWTlevels in72h,which
was likewise observed in control IgG-treated macrophages.
In contrast, exogenously added NE was unable to restore
parasite growth in macrophages that had been pretreated
with anti-TLR4, indicating that optimal intracellular growth
of L. donovani depends on the NE-TLR4 axis.

We next analyzed the potential contribution of NE to
parasite survival and growth in experimental infections in
mice. At d 7 of infection, C57BL/6 mice displayed signif-
icant parasite burden in the liver, whereas in ela22/2mice,
liver parasite burdens were reduced by 5-fold compara-
tively (Fig. 4A). The burdens in the spleenwere about 100-
fold lower than in the liver at this time point and, likewise,
were5-fold lower in ela22/2miceas comparedwith that of
C57BL/6 mice (Fig. 4B), showing that NE also favors in-
fection by L. donovani in vivo.

In L. donovani infections, T cell–derived TGF-b and IL-
10 have been associated with the suppression of anti-
leishmanicidal activity, thus promoting the establishment
of the infection (28, 29). The differences in parasite burdens
observed in the ela22/2 mice prompted us to determine
the levels of selected cytokines. We detected decreased

Figure 2. A, B) NE is required
for the survival and intracellu-
lar growth of L. donovani in
macrophages. Peritoneal thio-
glycolate-recruited macro-
phages from C57BL/6 mice
(A) or from NE knockout mice
(ela22/2) (B) were cultivated
on glass coverslips overnight in
RPMI-FCS and washed and in-
fected with late-stage promasti-
gotes of L. donovani at a 5:1
parasite:macrophage ratio for
3 h at 37°C in RPMI supple-
mented with 0.1% BSA. C) The
monolayers were washed 3
times to remove extracellular
parasites, fixed with methanol
and Giemsa stained (3 h), or
further incubated for 24 h (A,
B), 48 h, or 72 h in RPMI-FCS at
37°C before fixation and stain-
ing. The number of intracellu-
lar parasites was determined
under the light microscope.
Where indicated, the irrevers-
ible NEI OMeSuc-Ala-Ala-Pro-
Val-CMK was added to the
cultures at 10 mM final concen-
tration immediately before ad-
dition of the parasites and kept
for the 3 h infection. D) Macrophages were infected as previously described for 3 h, and the monolayers were washed for removal
of extracellular parasites and fixed (3 h) or cultured in RPMI-FCS for 72 h before fixation and staining. Where indicated (+),
active purified human NE was added at 200 ng/ml final concentration to the cultures after the 3 h infection and remained for
the 72 h. The experiments were performed in triplicate and repeated at least 3 independent times. The graphs show 1
representative experiment in triplicate. The graphs show means6 SD; statistical significance was assessed using 1-way ANOVA and
the Bonferroni posttest. *P , 0.05, **P , 0.01, ****P , 0.0001.
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production of TGF-b (Fig. 4C) and increased NO pro-
duction, determinedasnitrite concentration, (Fig. 4D) in the
liver of ela22/2 mice as compared with those of C57BL/6
background mice, whereas the levels of IL-10 (Fig. 4E) and
of IL-6 (unpublished results) were unchanged in ela22/2.
The cytokine levels were similar in cultures exposed or not
to total Leishmania Ag, used to assess the parasite-specific
response. In the spleen, there was a modest but significant
decrease in the levels of IL-10 in ela22/2mice as compared
withC57BL/6mice (Fig. 4F), whereas the levels of IL-6 and
TGF-b were unchanged (unpublished results). These re-
sults suggest that lack of NE is associated with detectable
changes in the inflammatory and anti-inflammatory re-
sponses in organs targeted by L. donovani in vivo.

Considering that NE seems important for L. donovani
infection and that we were unable to detect ISP2 in L.
donovani lysates, we asked if low or absent expression of
functional ISP2 was necessary to allow the NE-TLR4 axis
to be operational and ensure parasite survival and in-
tracellular growth. To address this, we generated trans-
genic L. donovani expressing the L. major ISP2 gene by
introducing it into the ribosomal locus of L. donovani
MW897 (Fig. 5A). Expression of ISP2 in the transgenic line
was confirmed by Western blot analysis, in which ISP2
levels were readily detected in 2 independently isolated L.
donovani:ISP2 clones (Fig. 5B). We confirmed that the ex-
pression of ISP2wasmaintained in the amastigote stage of
the transgenic lines, whereas it was not detected in WT L.
donovani amastigotes (Fig. 5C).Mice infectedwith either of
the L. donovani:ISP2 clones displayed 100-fold lower par-
asiteburdens in comparisonwithmice infectedwithWTL.
donovani (Fig. 5D), indicating that the transgenic parasites
are less fit to survive in vivo. Next, the ISP2-transgenic L.
donovaniwere tested in macrophage infections to address
the underlyingmolecularmechanism.As expected,WT L.
donovani multiplied inside C57BL/6 macrophages, as
assessed by parasite numbers at 72 h (Fig. 6A). In contrast,

L. donovani:ISP2 did not increase in numbers by 72 h,
suggesting that expression of ISP2, at least at detectable
levels, disturbs parasite development in macrophages
(Fig. 6A). We tested whether lack of NE activity was re-
sponsible for the poor intracellular growth of L. donovani:
ISP2 by adding exogenous NE to infected C57BL6 mac-
rophages (Fig. 6B). Exogenous NE partially recovered the
intracellular development of L. donovani:ISP2 at 72 h,
suggesting that the negative impact of ISP2 expression is
conferred through the reduction in the levels of active NE.
Next,weevaluated the involvementofTLRs inL. donovani:
ISP2 infections. We found that, whereas parasites did not
increase in numbers from 3 to 72 h in C57BL6 macro-
phages, L. donovani:ISP2 displayed a more pronounced
phenotype in tlr22/2 macrophages [i.e., the parasite bur-
dens in tlr22/2 at 72hwere decreased byhalf in relation to
the number internalized in 3 h (Fig. 6C)]. The same trend
was observed inmacrophages of tlr42/2mice, inwhich at
72 h, there were fewer parasites in comparison to the
number of parasites internalized at 3 h (Fig. 6D). These
data indicate that L. donovani expressing ISP2 display an
evenmorepronounceddecrease in fitness inmacrophages
lacking either TLR2 or TLR4. To further verify an associ-
ation between the NE-TLR4 axis and L. donovani infection
in primary macrophages, we performed confocal micros-
copy (Fig. 7). We found marked colocalization between
NE and TLR4 in C57BL/6macrophages that were in close
proximity to intracellular L. donovani in both recently in-
ternalized promastigotes (Fig. 7A, B) and in amastigotes
present at 72 h postinfection (Fig. 7C, D). In parallel, we
could also observe parasites that did not colocalize with
NE-TLR4. NE-TLR4 colocalization with L. donovani:ISP2
was more evident than with WT parasites and was like-
wise detected at 3 h (Fig. 7E, F) and at 72 h postinfection
(Fig. 7G, H). These data are consistent with a role for the
TLR4-NE axis in the intracellular development of L.
donovani in macrophages.

Figure 3. TLR4 and TLR2 are
required for development of L.
donovani in macrophages, and
NE acts through TLR4. Perito-
neal thioglycolate-recruited
macrophages from C57BL/6
mice, TLR2 knockout mice
(tlr22/2), or TLR4 knockout
mice (tlr42/2) (A) or from NE
knockout mice (ela22/2) (B)
were cultivated on glass cover-
slips overnight in RPMI-FCS
and washed and infected with
late-stage promastigotes of L.
donovani at a 5:1 parasite:mac-
rophage ratio for 3 h at 37°C in
RPMI supplemented with 0.1%
BSA. The monolayers were
washed 3 times to remove ex-

tracellular parasites, fixed with methanol and Giemsa stained (3 h), or further cultivated for 72 h in RPMI-FCS at 37°C (A). NE
acts through TLR4. B) Where indicated, macrophages were pretreated with 10 mg/ml of control IgG2b or with anti-TLR4
(MTS5) mAb for 30 min in RPMI-FCS and washed before infection. Where indicated (+), purified human NE was added at
200 ng/ml after removal of antibodies and before addition of the parasites. The experiments were performed in triplicate
and repeated at least 3 independent times. The graphs show 1 representative experiment. The graphs show means 6 SD. *P ,

0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001.
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NO and reactive oxygen species (ROS) are important
mediators of leishmanicidal activity in macrophages. We
investigated if NO and ROS play a role in reduced in-
tracellular survival of L. donovani:ISP2 at early infection
(24 h). The inhibition of NO generation by L-NAME or of
superoxide byEUK134 enhanced survival ofWTparasites
by ;3-fold, suggesting that, as previously described by
Phillips et al. (30), some degree of early innate killing is
associated with the production of nitrogen and ROS (Fig.
8A, B, white bars). However, the reduced survival of L.
donovani:ISP2 at 24 h remained unchanged after treatment
with the iNOS inhibitor or the superoxide scavenger,

suggesting that thosemediatorsareunlikely tobe themain
mechanism of elimination of L. donovani:ISP2 in the early
macrophage infection (Fig. 8A, B, gray bars). Previous
work using splenic-derivedmacrophages (M14.4 line) has
attributed killing of L. donovani (LV9 strain) in the first 12 h
to NO, whereas later killing was attributed to IFN-I (30).
We then tested the effect of the IFN-I inducer, poly:IC, in
infected C57BL6 macrophages (Fig. 8C, D). Poly:IC pro-
vokeda remarkabledecrease in thenumberof intracellular
WT L. donovani at 72 h (Fig. 8C), whereas it did not further
reduce thealready lowintracellularburdensofL. donovani:
ISP2 (Fig. 8D).

Figure 4. NE contributes to L.
donovani infections in vivo and
to the anti-inflammatory im-
mune response. A, B) Station-
ary-phase promastigotes were
injected in C57BL/6 mice or
ela22/2 mice (3 3 107 para-
sites/animal, n = 6/group) in
PBS. After 7 d, parasite load in
spleens and livers was assessed
by limiting dilution. Statistical
analyses were performed using
2-way ANOVA. C–F) Cellular
populations of liver macerates
(C–E) (ammonium-chloride-
potassium solution treated) or
splenocytes (F) were cultivated
in RPMI-FCS at 37°C for 48 h,
and the amount of IL-10 and
TGF-b was determined by
ELISA. Where indicated (Ag +),
total L. donovani Ag (freeze-
thawed parasite lysates) were
added to the cultures. D) The
nitrite levels in supernatants of
liver macerates were assessed by
the Griess method. Experiments
were repeated at least 3 indepen-
dent times, and graphs show 1
representative experiment. The
graphs show means 6 SD. *P ,

0.05, **P , 0.01, ***P , 0.001,
****P , 0.0001.
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The production of IFN-I (IFN-a or IFN-b) is associated
with theactivity of the IFNregulatory transcription factors
(IRFs) (31). In agreementwith that, we showed previously
that in macrophage infections with L. major ISP2 gene
deletionmutants, there are increased levels ofnuclear IRF3
and the production of IFN-b by macrophages, leading to
parasite killing (19). Likewise, Poly:IC-dependent killing
of L. donovani LV9 after 12 h was associated with the pro-
duction of IFN-a (30). Next, we verified the induction of
IFN-I expression by qPCR. In C57BL6 macrophages, we
did not detect a significant increase in mRNA for IFN-a
(Fig. 9A). Surprisingly, infection with WT L. donovani in-
duced IFN-a in ela22/2macrophages at 2 h, and at 6 hwe
detecteda.10-fold increase in IFN-amRNAascompared
with uninfected cells (Fig. 9B). L. donovani:ISP2 also in-
duced IFN-a, even though the levelswere slightly lower at
6 h in comparison to cells infected with WT parasites.
The dynamics of IFN-b induction were different: up-
regulation of IFN-b could only be detected in C57BL6
macrophages at 6 h postinfection (.20-fold increase) with
WT parasites, but it was apparent (about 10-fold increase)
at 2 h postinfection with L. donovani:ISP2 and maintained
at 6 h (Fig. 9C). Those observations reveal that although L.

donovani:ISP2 can induce IFN-a similarly toWT parasites,
it induced about 50% less IFN-b in comparison to WT L.
donovani. The putative association between NE and in-
duction of IFN-b was assessed upon infection of ela22/2

macrophages (Fig. 9D). We found that the induction of
IFN-b mRNA was partially dependent on NE, once
infected ela2/2 macrophages expressed about 50% less
IFN-b mRNA either with WT parasites (~12-fold) or L.
donovani:ISP2 (about 5-fold), as compared with C57B6
counterpart macrophages (Fig. 9D).

Because IFN-a was previously associated with the kill-
ing of intracellular L. donovaniLV9 (30) andwe observed its
induction in6h in ela22/2macrophages,we testedwhether
this cytokine influenced intracellular survival (24 h) of L.
donovaniMW897.Addition of exogenous IFN-a at different
concentrations did not reduce the survival of WT L. dono-
vani inmacrophages of either C57BL6 (Fig. 10A) or ela22/2

(unpublished results). Conversely, IFN-bwas described as
beneficial for the growth of L. amazonesis in macrophages
(32), whereas it contributes to the killing of L. major in
macrophages in vitro (19). Therefore, we asked whether
IFN-b was necessary for the intracellular growth of L.
donovani andwhether the low-level induction of IFN-b in

Figure 5. Generation of L. donovani transgenic lines expressing L. major ISP2. A) Schematic representation of the rRNA locus and
the cassette used for insertion of the ISP2 gene of L. major in the genome of L. donovani. FR, flanking region; Lmcpb, L. mexicana
cysteine peptidase B; PUR, puromycin resistance gene. Dashed lines indicate the region of gene replacement by homologous
recombination (B). Two clones of the transgenic parasites (L. donovani:ISP2) were checked by Western blot for ISP2 expression
in comparison with parental L. donovani, WT L. major, and L. major line knockout for the ISP2 and ISP3 genes (Disp2/isp3).
Promastigote (2 3 107) lysates were probed using antiserum raised to recombinant ISP2. Recombinant L. major ISP2(lSP2r) was
used as a positive control. C) L. donovani WT or L. donovani:ISP2 promastigotes were differentiated into extracellular amastigotes
in Schneider’s medium, pH 5.4, supplemented with FCS 20% at 37°C for 6 d. In total, 2 3 107 amastigotes were washed twice in
PBS and lysed in SDS-PAGE sample buffer in reducing conditions, and ISP2 expression was assessed by Western blot using
antiserum raised against recombinant L. major ISP2. Antibodies to tubulin were used as a loading control. D) Stationary-phase
promastigotes were injected in C57BL/6 mice (3 3 107 parasites/animal, n = 5/group) in PBS. After 7 d, parasite load was
measured in spleen by limiting dilution. The experiment was repeated 2 independent times, and the graph shows 1
representative experiment. Statistical analyses were performed using 2-way ANOVA. **P , 0.01.
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ela22/2 macrophages could be responsible for the poor
parasite development in the absence of NE. This was di-
rectly assessedbyadditionof exogenous IFN-b to infected
cultures (Fig. 10B). Exogenous IFN-b did not affect para-
site numbers at 72 h inWTmacrophages, whereas it fully
restored parasite growth in ela22/2 macrophages (Fig.
10B). Likewise, addition of exogenous IFN-b recovered
the intracellular growth of L. donovani:ISP2 in both C57B6
macrophages (Fig. 10C) and ela2/2 macrophages (Fig.
10D), linking NE to IFN-b production and to parasite
survival and growth in macrophages. Moreover, the
prevention of the activation of the NE-TLR axis by para-
site ISP2 was detrimental for this viscerotropic species.

DISCUSSION

In humans, L. donovani but not L. major disseminates and
multiplies in visceral organs after dermal inoculation. Ex-
perimental mouse models of VL adopt intravenous in-
jection of L. donovani or L. infantum to bypass the initial
barrier and lead to colonization of visceral organs with
high parasite burden (33). Here, we used C57BL6 mice
injected with late-stage promastigotes as a model for

visceral infection and detected colonization of liver and
spleen up to at least 30 d.

Using NE knockout mice, we showed that NE is re-
quired for efficient early liver parasitism and also for the
successful development of L. donovani MW897 in macro-
phages in vitro. The positive effect of NE on macrophage
infection required TLR4 because NE-mediated parasite
growth was abolished by anti-TLR4 antibodies. Further-
more, NE was required for the .20-fold increase in the
expression of IFN-bmRNA inmacrophages infected by L.
donovani,whichwasnecessary forparasitegrowth,and this
was counteracted by the parasite-expressed ISP2. Those
observations suggest that ISP2 expression might pose a
disadvantage to viscerotropic Leishmania species because it
prevents the activation of the NE-TLR platform, at least in
macrophages. In fact, the ISP2 gene is disrupted in the
genome of the L. donovani reference strain BPK282A1
(LDBPK_150530.1), and we could not detect expression of
the ISP2 protein in L. donovaniMW897 used in this study,
even though the gene is intact. Leishmania species have 3
single copygenesshowinghomology toecotins: ISP1, ISP2,
and ISP3, and L. major expresses ISP1 and ISP2 proteins in
promastigotes, whereas ISP3 is not expressed (18, 34).
Previously, we showed that L. major ISP1 does not inhibit

Figure 6. A) L. donovani:ISP2
cannot grow in macrophages,
because of lack of NE activity.
Thioglycolate-recruited perito-
neal macrophages from C57BL/
6 mice were cultivated overnight
in RPMI supplemented with 10%
FCS. The cultures were washed
and incubated with stationary-
phase promastigotes at a 5:1
parasite:macrophage ratio in
RPMI supplemented with 0.1%
BSA at 37°C. After 3 h of in-
teraction, the monolayers were
washed for the removal of extra-
cellular parasites fixed and
stained with Giemsa. For the
survival assays, the macrophages
were infected as previously de-
scribed for 3 h, and after the
removal of extracellular para-
sites, the cells were cultured at
37°C in RPMI supplemented
with 10% FCS for 72 h. B) Where
indicated (+), purified NE was
added at 200 ng/ml to macro-
phages after the 3 h infection
and the removal of extracellular
parasites and kept in the cultures
to 72 h at 37°C in RPMI supple-
mented with 10% FCS. C, D)
Thioglycolate peritoneal macro-
phages from C57BL/6, TLR4
knockout (tlr42/2), or TLR2
knockout mice (tlr22/2) were
cultivated overnight in RPMI supplemented with 10% FCS. The cultures were washed and incubated with stationary-phase
promastigotes at a 5:1 parasite:macrophage ratio in RPMI supplemented with 0.1% BSA at 37°C. After 3 h, the monolayers were
washed, fixed and stained with Giemsa, or cultured at 37°C in RPMI supplemented with 10% FCS for 72 h. The experiments
were performed in triplicates 2 independent times. The graphs show 1 representative experiment in triplicate. Statistical analyses were
performed using 1-way ANOVA and the Bonferroni posttest. *P , 0.05, **P , 0.01, ****P , 0.0001.
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trypsin, is 10-fold less potent than ISP2 for the inhibition of
NE, and does not influence macrophage infection; thus,
ISP1 is unlikely to prevent NE-TLR activation (34). Low
levels or lack of ISP2 expression could reflect an adaptation
of L. donovaniMW897, allowing theNE-TLR signaling axis
to remain functional inmacrophages. In contrast, evidence
for the expression of ISPs in another L. donovani strain was
provided in a study in which an ;21.8 kDa protein that
inhibits trypsinandNEwaspurified froman Indianstrainof
L. donovani (24). Notably, even though this strain was iso-
lated from an infected individual, the authors stated that it
became avirulent after several in vitro passages. Mass spec-
trometry analysis of the purified proteinmatched ISP2 from
L. infantum. Immunostaining revealed LdISP close to the
flagellar pocket of L. donovani strain AG83 promastigotes,
which is compatible with putative secretion of ISP for the
inhibition of the NE at the surface of macrophages (25). In
another study, recombinant LdISP2 was reported to inhibit
the complement-related serine peptidase mannan-binding
lectin serine protease (MASP)-2, whereas it did not inhibit
MASP-1or theC1complex (26).However, inhibitoryactivity
was only observed at nonphysiologic concentrations of
recombinant LdISP2 (.5 mM), and inhibition of C4b for-
mationwas only achieved at.10mMofLdISP2, suggesting
that thosepeptidasesareunlikely tobeatargetof ISP2 invivo.

The requirement of an active NE-TLR pathway in in-
fections by L. donovani MW897 supports the hypothesis
that ISP2 reduces parasite fitness inmacrophages. Indeed,
when we expressed the L. major ISP2 in L. donovani
MW897, the transgenic line failed to grow inside macro-
phages. Growth was restored by addition of exogenous
NE, therefore linking inhibition of NE by ISP2 to the

impairment of L. donovani development in macrophages.
Further, the complementation of the intracellular growth
phenotype by exogenous NE revealed that the transgenic
line does not have an intrinsic growth defect. These data
reveal a striking difference between L. donovani and L.
major in the molecular mechanism by which the different
species survive and grow inside macrophages.

Previous experimental infectionsof TLRknockoutmice
with L. donovani suggested that TLR2 and TLR4 play an-
tagonizing roles in which TLR4 is essential to control
parasite burden (9), but the underlying mechanisms and
target cells mediating those roleswere not explored. TLR4
signaling was also shown to influence immunity by
down-regulating IL-10 and controlling parasite burden
(35). Even though we found that macrophage infection in
vitro by L. donovani requires TLR4 for parasite growth, it is
likely that TLR4 present in additional cell types besides
macrophages plays a role during experimental infection,
contributing toparasite control.Usingamonocytic cell line
RAW or bone marrow–derived macrophages, Srivastav
et al. (36) reported that L. donovani AG83 deactivates
the TNF receptor-associated factor (TRAF)6–interleukin-1
receptor-associated kinase (IRAK)1 (TRAF6-IRAK1) com-
plex during long-term infection and sustains elevated
levels of the TLR-negative regulator IRAK-M. Even
though L. donovani was found to enhance the stability
of the IRAK1-myeloid differentiation primary response
88 (MyD88) complex, thus potentially deactivating TLR-
mediated responses, the consequences of the direct ac-
tivation of TLR2 or TLR4 in infected macrophages were
not directly addressed. Using macrophages derived
frombonemarrow of BALB/C, Gupta et al. (37) reported

Figure 7. Colocalization of NE and TLR4 with L. donovani in infected macrophages. Macrophages of C57BL/6 mice were infected
with WT L. donovani or L. donovani:ISP2 (clone 2) for 3 h in RPMI-BSA and processed for immunofluorescence or washed and
cultured for 72 h in RPMI-FCS and processed for immunofluorescence. Coverslips were treated with anti-TLR4 antibodies
washed and incubated with anti-rabbit–Alexa 488. Coverslips were subsequently incubated with antibodies to NE and washed and
incubated with anti-rabbit–cyanine 3 antibodies. Coverslips were treated with DAPI for 5 min and washed and mounted for
immunofluorescence. Samples were analyzed by confocal microscopy. White arrows point to the parasite. Scale bar, 2 mm.
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suppression of TLR4 when the cells were concomitantly
challenged with LPS and L. donovaniAG83. Both studies
propose that suppression of TLR4 is required for success-
ful macrophage infection by L. donovani AG83. However,
the latter usedLPS stimulationas ameans toaddressTLR4
cellular deactivation by L. donovani but not the direct
participation of TLR4 inparasite infection in the absence of
additional external stimuli. Although several studies
conclude that the engagement of TLR4 is leishmanicidal,
our results clearly showthat, at least in invitromacrophage
infections, both TLR2 and 4 are essential for parasite in-
tracellular replication. It is possible that the downstream
signals conveyed by the NE-TLR4 platform during para-
site uptake, in combination with TLR2 mediated re-
sponses, lead todownstreameffectorswhichdiffer, at least
in part, from LPS-induced responses. Thus, it is feasible
that the parasite has adapted to prevent activation of
TLR4-MyD88-IRAK–mediated responses, whereas TLR4-
TIR-domain-containing adapter-inducing interferon b
(TRIFF) responses remain intact.

Even though we observed colocalization between NE
and TLR4, we do not know how the NE-TLR4 signals are
orchestrated at the macrophage surface during parasite
uptake. StimulationofTLR4byNEisdescribed inother cell
types, leading to IRAK-TRAF6 responses (15). In such a
model, stimulation of TLR4 is achieved indirectly through
NE-dependent activation of additional surface peptidases
and cleavage of epidermal growth factor, leading to TLR
interaction with epidermal growth factor receptors (38). It
is possible that NE also acts on TLRs indirectly during

parasite uptake. We observed colocalization of NE and
TLR4 in the parasitophorous vacuole, even at 72 h post-
infection, suggesting that theparasite recruits theNE-TLR4
(and perhapsNE-TLR4-TLR2) complex to the phagosome,
and it may remain active in the parasitophorous vacuole
during amastigote intracellular growth. In agreementwith
aprotective role forTLR2 in thephagosome, itwas recently
described that TLR2 is required to delay phagosome mat-
uration after L. donovani uptake, contributing to parasite
survival (10). It is likely that L. donovaniMW897 mobilizes
the NE-TLR4-TLR2 pathways during phagocytosis, lead-
ing to alternative downstream events and committing the
host cell to unresponsiveness to otherwise classic TLR
stimuli.Ofnote, inRAWcells costimulatedwithLPSandL.
donovani, TRAF3 ubiquitination and degradation is dis-
rupted by the parasite, down-regulating LPS-related TLR4
downstream responses such as TNF-a and IL-12 (37). In-
terestingly, the authors noticed that TRAF3 ubiquitination
linked to K63, which is related to IL-10 induction through
MyD88-independent and TRIFF-dependent pathway, is
preserved in L. donovani-infected macrophages. This is in
agreement with our observation that the NE-TLR4 axis
promotes IFN-b production, which is likewise defined as
dependent on the TRIFF pathway (39).

Previous works identified IFN-b as a key factor for the
growth of L. amazonensis and L. braziliensis in macrophages
because it helps to control superoxide production via an
increase in superoxide dismutase 1 (32, 40). Here,whenwe
added exogenous IFN-b, we restored the growth of L.
donovani:ISP2 inmacrophagesand thatofWTL. donovani in

Figure 8. ROS or NO are not
responsible for killing of L.
donovani:ISP2. Macrophages of
C57BL/6 mice were infected
with WT L. donovani or L.
donovani:ISP2 for 3 h in RPMI-
BSA and washed and further
cultured in RPMI-FCS for 24 h
before fixation and staining. A,
B) Where indicated (+), imme-
diately after the 3 h infection
and washing, the cultures were
treated with 1 mM of the in-
hibitor of iNOS, L-NAME (A),
or 50 mM of the scavenger of
ROS, EUK134 (B). C–E) Mod-
ulation of type I IFN responses
affect L. donovani growth in
macrophages. Thioglycolate-
recruited macrophages from
C57BL/6 mice were cultured
overnight, washed, infected
with L. donovani WT (C) or L.
donovani:ISP2 (D) for 3 h in
RPMI-BSA, washed, and fixed
(3 h) or further cultured
(24–72 h) in RPMI-FCS (white
bars). Alternatively, after the 3 h
infection and washing, cultures
were treated with poly(I:C) (25
mg/ml) (gray bars) and further cultured in RPMI-FCS for up to 72 h. Experiments were performed in triplicate at least 2 independent
times. The graph shows 1 representative experiment. Statistical analyses were performed using 1-way ANOVA and the Bonferroni
posttest (A, B) or multiple Student’s t tests with the false discovery rate posttest (C, D). *P , 0.05, **P , 0.01, ***P , 0.001.
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ela22/2 macrophages, showing that the requirement for
NE for parasite growth can be bypassed by IFN-b. We
observed that NE is a crucial element to induce the
high-level expression of IFN-b in macrophages infected
with L. donovani MW897 in the absence of additional
stimuli, as ela22/2 macrophages displayed 50% less in-
duction of IFN-bwhen compared with WTmacrophages.
However, NE-deficient macrophages were still capable of
inducing IFN-b to the same levels as WT macrophages
when exposed to poly:IC, a classic activator of IFN-I, sup-
porting the concept that NE-requirement for type I IFN
induction is specific to theparasite:macrophage interaction.
This aligns well with our observation that L. donovani but
notL. donovani:ISP2provoked increase in the nuclear levels
of IRF3 in macrophages (unpublished results), linking NE
activity to the expression of type I IFN genes. This was
further supported by qPCR data showing that IFN-b
mRNAcouldnotbe induced inNEknockoutmacrophages
to the same levels as observed in WT macrophages.
However, we still detected a significant level of IFN-b in-
duction (about a 10-fold increase), revealing that additional
stimuli other thanNE-TLR4 contribute to IFN-b induction,
such as the previously described lipophosphoglycan in-
duction via TLR2 (32). It is tempting to speculate that vis-
cerotropic strains have adapted to require very high levels
of IFN-b, which can be achieved through 2 simultaneous
signals conveyed via TLR2 and NE-TLR4. This aligns well
with our observation that the supplementation of IFN-b to
the infected cultures restored growth-deficient phenotypes
observed throughout this study. It would be interesting to
investigatewhether theNE-induced IFN-b requirement for

intracellular growth is a common trait for other L. donovani
strains, including the reference strain in which the ISP2
gene is truncated. Recently, a role for IFN-b in promoting
metastatic spread of L. guyanensis and relapse of infection
was reported, associating antiviral responses to disease
sustenance and severity (41). It is tempting to speculate that
production of IFN-b is a common trait between Leishmania
sp. required for parasite dissemination.

Interestingly, we found virtually no induction of the
other IFN-I, IFN-a, in C57BL6-infected macrophages but
significant induction in ela22/2 macrophages. IFN-a and
IRF7were implicated in the innatekillingofL.donovaniLV9:
parasites were rapidly killed in RAW or 14M1.4 macro-
phage cell lines in a 2-stage process relying on early pro-
duction of NO (#6 h) and later production of IFN-a,
dependent on IRF7 (30). More specifically, addition of ex-
ogenous IFN-a accelerated the killing of intracellular L.
donovani LV9 in infected macrophages (30). In our model,
exogenous IFN-a did not influence parasite survival or
growth. The discrepancy between our data and those re-
ported by Phillips et al. (30) may be due to the different
origins of macrophage populations and L. donovani strains
used in thestudies. In livermacrophages (Kupfercells), IRF7
doesnot affect amastigoteuptakeor early survival,whereas
it was necessary to mount inflammatory T-cell–mediated
immunity and NO production by infected macrophages
(42). Our results indicate that NO and ROS played a small
role in the innate killing of L. donovani in inflammatory
peritoneal macrophages and are not implicated in the early
death of ISP2-expressing L. donovani. Even though the ad-
dition of poly:IC classically leads to type I IFN production

Figure 9. NE contributes to the
induction of IFN-b in macro-
phages infected with L. dono-
vani. Thioglycolate-recruited
macrophages from C57BL/6
mice (A, C) or ela22/2 mice
(B, D) were cultured overnight,
washed, and infected with WT
L. donovani or L. donovani:ISP2
for 2 or 6 h, and cultures were
washed, total RNA was extract-
ed, and the cDNA samples were
used as templates in qPCR for
the determination of the rela-
tive mRNA levels for IFN-a (A,
B) and IFN-b (C, D). Unin-
fected cells were used as control
levels, and cells pretreated with
25 mg poly:IC were used as
positive control. Ctrl, control.
The experiments were per-
formed 3 independent times
in 2 biologic replicates each
time. The graphs show 1 repre-
sentative experiment in dupli-
cate. *P , 0.05, **P , 0.01,
***P , 0.001, ****P , 0.0001.
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and should, in theory, help to promote parasite growth
through induction of IFN-b, this stimulus has pleiotropic
effects on macrophages, and additional factors might have
overwhelmed the potential protective effect of IFN-b.

In summary, we showed that L. donovani highjacks the
NE-TLR4 pathway of macrophages in order to contribute
to IFN-b production at levels that ensure parasite survival
and intracellulargrowth.HowNEandIFN-b influence the
course of the infection and their potential impact on vis-
ceral pathology remain to be elucidated.
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