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Abstract Neutrophils and macrophages are phagocytic

cells that cooperate during inflammation and tissue repair.

Neutrophils undergo apoptosis and are engulfed by mac-

rophages. Engulfment modulates macrophage activation

and microbicidal activity. Infection by Leishmania takes

place in the context of tissue repair. This article discusses

cellular and molecular mechanisms involved in the inti-

mate cooperation of neutrophils and macrophages in

Leishmania infection.

Keywords Neutrophil � Macrophage � Leishmania �
Apoptosis � Phagocytosis � Cytokines

Introduction

Leishmaniasis is a widespread disease that ranges in severity

from cutaneous lesions to systemic infection. Leishmania

species alternate between promastigote forms in the insect

and intracellular amastigote forms in the mammalian host.

Infection with Leishmania is coincident with tissue damage

induced by the sand fly bite or by the laboratory needle [1].

Tissue repair is a conserved host response to injury.

Repair involves recruitment of neutrophils and monocyte/

macrophages, followed by apoptosis of neutrophils and

engulfment of apoptotic neutrophils by macrophages [2].

Therefore, Leishmania infection co-evolved to take advan-

tage of interactions between neutrophils and macrophages.

Recent studies indicate that neutrophils mediate either host-

protective or disease-promoting roles in infection. Further-

more, susceptibility to infection correlates with genetic

differences involving neutrophils. Here, we discuss recent

findings that help in clarifying the role of interactions

between neutrophils and macrophages in Leishmania

infection. Unless noted, the studies discussed here refer to

infection with Leishmania major. At the end of the text,

studies with other Leishmania species are presented.

Macrophage activation

Macrophage responses to microbial and immunological

stimuli lead to discrete, stereotyped phenotypes [3, 4].

Classically activated, or M1, macrophages are microbici-

dal, while alternatively activated (M2a) and regulatory

(M2b) macrophages are permissive to parasites [3, 4]. The

initial contact of Leishmania with macrophages is rela-

tively silent. In the absence of added cytokines, infection

by L. mexicana results in very low transcriptional activity

of macrophages, almost indistinguishable from uninfected

cells [5]. Analysis of transcription suggests induction of a

mixed phenotype, which is skewed towards either regula-

tory or alternatively activated macrophages [5, 6].

Fully differentiated macrophages develop in the context

of inflammation and contact with cytokines. Classically

activated macrophages display leishmanicidal activity and

are required for control of Leishmania infection [4].

Alternatively activated macrophages are induced by the

Th2 cytokine IL-4, and play an important role in tissue
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Centro de Ciências da Saúde, Instituto de Biofı́sica Carlos

Chagas Filho, Universidade Federal do Rio de Janeiro (UFRJ),

Bloco G, Ilha do Fundão, 21949-900 Rio de Janeiro, RJ, Brazil

e-mail: gdosreis@biof.ufrj.br

A. A. Filardy � D. R. Pires � G. A. DosReis

Brazilian National Research Council (CNPq), Centro de
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repair [3]. In addition, activation of the transcription factor

PPAR-c is important for tissue repair [7], and expression of

PPAR-c is required for induction of alternatively activated

macrophages [8]. Mice lacking alternatively activated

macrophages due to deficient expression of either the IL-4

receptor or PPAR-c are less susceptible to L. major

infection [8, 9]. In agreement, macrophages induced by

PPAR-c agonists are more permissive to replication of

L. major [10]. In addition, a proteophosphoglycan depos-

ited into the skin by infected sand flies induces arginase

activity and alternative macrophage activation to enhance

Leishmania survival [11].

Host IgG plays a disease-promoting role in infection by

Leishmania [12]. Ligation of Fcc receptors by IgG immune

complexes induces IL-10 production, and a regulatory or

M2b phenotype in macrophages, which is permissive for

Leishmania replication [4, 12, 13]. Together, these results

indicate that L. major takes advantage of alternatively acti-

vated and regulatory macrophages to replicate in the host.

Infection in the context of tissue repair

Infection by L. major takes place amid tissue repair

induced by the insect bite. Tissue repair is a conserved

multistep response to injury characterized by an initial

influx of neutrophils, followed by monocyte/macrophages

and fibroblasts [14]. Repair cannot be completed until

inflammation resolves. Chronic ulcers are associated with

persisting infiltrates of neutrophils [14], as in the case of

L. major infection [15]. Skin ulceration correlates with

keratinocyte apoptosis mediated by FasL and TRAIL [16].

Neutrophils could play a role by disrupting the basement

membrane and allowing diffusion of soluble FasL and

TRAIL [16]. In addition, genetic studies identify a corre-

lation between tissue repair and the ability to clear L. major

infection. Congenic mice carrying the susceptible BALB/c

genetic background and the resistant loci lmr-1, -2 and -3,

derived from resistant C57Bl/6 (B6) mice, clear infection

by L. major [17]. Congenic mice increase the expression of

genes involved in tissue repair and express faster tissue

repair responses [17]. However, the lmr loci do not influ-

ence T cell cytokine responses or parasitic loads in lymph

nodes, suggesting that the local response to infection is

regulated by genes distinct from adaptive immunity [17].

Neutrophils as intermediate host cells

Sand fly bites create a hemorrhagic pool in the host skin for

feeding. Therefore, the earliest Leishmania interactions

with the host take place in whole blood [18]. Parasites react

with natural antibodies and are opsonized by complement,

binding to erythrocytes through CR1 [18]. Within minutes,

parasites are transferred from erythrocytes to leukocytes,

and are internalized by both monocytes and neutrophils

[18].

Cutaneous infection spreads away from the hemorrhagic

pool, involving phagocytes in the areas adjacent to the

wound. Early studies investigated the cell types recruited to

the site of L. major infection in both susceptible (BALB/c)

and resistant (B6) mice [15]. Initially, both strains show

similar inflammatory responses. However, neutrophils

become prominent and persist in susceptible hosts, but are

cleared from the sites of resistant hosts [15]. In both strains,

parasites can be found inside neutrophils in the first days of

infection, but L. major only replicates in immature macro-

phages [15]. Following complement opsonization, L. major

survives inside neutrophils for more than 1 day, although

the majority of parasites are killed [19]. Evasion from

neutrophil microbicidal activity is an active process. Both

L. major and L. donovani are ingested by neutrophils, and

azurophilic granules fuse with parasite-containing phago-

somes without promoting parasite killing [20]. Tertiary and

specific granules, which are involved in vacuole acidifi-

cation and generation of reactive oxygen species, fail to fuse

with vesicles harboring parasites [20].

Studies of dynamic intravital microscopy investigated

early steps of L. major infection induced by sand fly bites in

the skin of resistant B6 mice [21]. After 1 day of infection,

parasites localize mainly inside neutrophils. Later, neutro-

phils are cleared, and parasites become localized to

monocytes/macrophages [21]. Although suggestive, these

studies do not demonstrate transfer of parasites from neu-

trophils to macrophages. The time elapsed between

observations allows parasite replication in macrophages.

However, the study identifies viable parasites being

released from apoptotic neutrophils in the vicinity of mac-

rophages [21]. Therefore, it is possible that parasites hide in

neutrophils until host cell apoptosis forces the parasite to

infect a macrophage. Depletion of neutrophils reduces local

incidence of infection, suggesting that neutrophils play a

disease-promoting role [21]. Uptake by neutrophils could

rescue parasites from death. Alternatively, passage through

neutrophils could render the parasite more infective, for

example, by exposing phosphatidylserine on the surface

[22]. Finally, macrophages engaged in the clearance of

senescent neutrophils could become permissive for intra-

cellular parasite growth [23].

Engulfment of neutrophils regulates infection

of macrophages

Neutrophils play important roles in the innate immune

response. Neutrophils are short-lived cells that expose
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phosphatidylserine and undergo spontaneous apoptosis fol-

lowing transmigration of blood vessels [2]. Onset of

apoptosis induces phagocytic clearance of neutrophils that is

important for resolution of inflammation and tissue repair

[2]. Apoptosis and engulfment of apoptotic cells play

immunoregulatory and pathogenic roles in parasitic infec-

tions [24]. Engulfment of apoptotic cells induces a

biochemical cascade that deactivates macrophages through

TGF-b, and drives replication of an intracellular parasite

through ornithine decarboxylase activity and production of

polyamines [25]. Polyamine synthesis from L-ornithine is

essential for intramacrophagic growth of L. major [26]. The

outcome of L. major infection in macrophages engulfing

neutrophils was investigated [27]. BALB/c neutrophils

induce production of TGF-b, but not TNF-a in macrophages,

and increase growth of L. major in a manner dependent on

PGE2 and TGF-b [27]. Depletion of neutrophils reduces

infection in lymph nodes of BALB/c mice, indicating a

disease-promoting role [27]. An alternative to this scenario

is the ‘‘Trojan horse’’ hypothesis, where infected neutrophils

are engulfed and transfer a viable parasite to an uninfected

macrophage [28]. Dynamic intravital microscopy did not

observe phagocytosis of infected neutrophils [21], but this

hypothesis remains a valid possibility.

Proinflammatory clearance of neutrophils

Clearance of neutrophils can be proinflammatory in the

presence of additional innate immune stimuli, such as TLR

ligands and heat shock proteins [29, 30]. Notably, B6, but

not BALB/c, neutrophils induce production of TNF-a, but

not TGF-b, in infected macrophages, and reduce parasite

load in a manner dependent on TNF-a [27]. Depletion of

neutrophils increases infection in lymph nodes of B6 mice,

indicating a host-protective role. Proinflammatory effects of

B6 neutrophils are mediated by soluble factors, and neu-

tralization of neutrophil elastase (NE) with an inhibitory

peptide abrogates the activity [27]. In agreement, injection

of the NE inhibitor increases infection in lymph nodes [27].

Following neutralization of NE or TNF-a, B6 neutrophils

exacerbate parasite growth [27]. The latter results suggest

that NE triggers a proinflammatory response, which in turn

prevents the antiinflammatory effects of apoptotic cells.

Neutrophils release granule proteins while migrating to

inflammatory sites [31]. Granule proteins activate macro-

phages to release cytokines, and the granule protein NE

activates macrophages through multiple receptors [31].

Purified NE induces TNF-a production and promotes par-

asite killing by macrophages [32]. B6 neutrophils release

two- to threefold more NE than BALB/c neutrophils.

In addition, mutant pallid B6 neutrophils, which fail to

release NE, do not induce killing of L. major [32]. Elastase

triggers proinflammatory responses through TLR4 [33–35].

In agreement, killing of L. major mediated by NE or

neutrophils requires TLR4 expression in macrophages.

Furthermore, injection of NE reduces infection in vivo in a

manner dependent on TLR4 expression [32]. These results

suggest that the proinflammatory and leishmanicidal

activities of B6 neutrophils are due to efficient amounts of

NE, and perhaps other granule proteins released into the

medium. Interestingly, L. major expresses inhibitor of

serine peptidase-2, a virulence factor that prevents TLR4

activation by NE, and promotes parasite survival in mac-

rophages [36, 37].

The role of neutrophils in infection depends on the

genetic profile of the host [38, 39]. The same holds true for

Leishmania. B6 neutrophils induced by L. major secrete

IL-12p70 and IL-10, while BALB/c neutrophils secrete

IL-12p40 dimers with suppressive activity [40]. These

conclusions further support the notion that B6 and BALB/c

neutrophils are functionally distinct. Furthermore, after

stimulation, B6 and BALB/c macrophages express proin-

flammatory M1 and antiinflammatory M2 phenotypes,

respectively [41]. Together, the above studies [27, 32, 40]

support the notion that neutrophils and macrophages play

concerted roles in the inflammatory reaction [42, 43].

Engulfment of apoptotic cells can be either anti- or pro-

inflammatory, depending on additional innate immune

stimuli [27, 29, 30]. One important question is whether these

responses imprint a particular phenotype in macrophages.

Proinflammatory, but not antiinflammatory, clearance of

neutrophils induces a regulatory or M2b phenotype in

macrophages, characterized by low IL-12p70 and high

IL-10 production following restimulation with LPS,

increased expression of LIGHT/TNF superfamily 14,

induction of Th2 responses, and permissive replication of

L. major [44]. The ability of senescent neutrophils to induce

the regulatory phenotype requires NE activity and TLR4

expression [44]. In addition, previous injection of senescent

neutrophils enhances subsequent infection in vivo [44].

These results indicate that proinflammatory neutrophils

induce an anti-inflammatory phenotype in macrophages that

could help establishment of infection. Induction of regula-

tory macrophages provides an alternative explanation for the

finding that depletion of neutrophils reduces infection in the

sand fly bite/mouse ear model [21]. A summary of the roles

proposed for engulfment of neutrophils in Leishmania

infection is presented in Fig. 1.

Role of neutrophil life span

Neutrophils are potentially harmful cells that secrete toxic

radicals and destructive enzymes. Therefore, their life span

must be tightly regulated. Neutrophils undergo apoptosis
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and are engulfed by phagocytes [2]. In addition, neutrophils

co-express the Fas death receptor and Fas ligand (FasL).

Fas/FasL interactions accelerate [45], while inflammatory

cytokines delay apoptosis of neutrophils [45, 46]. The life

span of explanted BALB/c neutrophils increases by 3 h after

addition of a neutralizing mAb against FasL [47]. Under

these conditions, neutrophils reduce intramacrophagic

growth of L. major. Furthermore, FasL-sufficient neutro-

phils increase parasite growth in macrophages, while

FasL-deficient gld neutrophils show delayed apoptosis and

promote parasite killing [47]. Extended survival of neutro-

phils leads to increased production of nitric oxide by

macrophages, and parasite killing [47]. Finally, FasL-defi-

cient mice are less susceptible to L. major infection [47].

Since FasL deficiency reproduces the effects of proinflam-

matory cytokines on neutrophil survival [45], these results

highlight the complex role played by the inflammatory

environment where infection takes place.

In addition, neutrophil survival can be regulated by

macrophages. Resistant B6 mice infected with L. major

start clearing neutrophils after 3 days of infection, while

neutrophils persist for up to 10 days in susceptible BALB/c

mice [48]. B6 macrophages mediate neutrophil apoptosis

through membrane bound TNF-a, and L. major infection

potentiates this process [48]. BALB/c macrophages are less

efficient in mediating neutrophil apoptosis, suggesting a

mechanism for the different kinetics of neutrophil accu-

mulation in the two strains.

Infection of neutrophils with L. major increases neutro-

phil survival by delaying spontaneous apoptosis [28, 49].

Infected neutrophils secrete increased levels of the mono-

cyte chemokine MIP-1b, and attract monocytes in vitro [28].

Since apoptotic neutrophils release viable parasites in vivo

[21], these results suggest a potential mechanism for

attraction of macrophages, followed by transfer of Leish-

mania parasites from neutrophils to macrophages.

Neutrophil extracellular traps

A recently identified microbicidal mechanism is the release

of neutrophil extracellular traps (NETs). The function of

TGF-β TGF-β

NE
TLR4

IL-10 NE
TNF-α

Apoptotic cells

Apoptotic cell

Apoptotic cells

M2b

Parasite growth Parasite growth Parasite killing Parasite growth

(B) Early regulatory (C) Late regulatory(A) Infective

Fig. 1 Proposed roles of phagocytic clearance of neutrophils in

Leishmania infection. a Infective role. Promastigotes infect neutro-

phils, delay their apoptosis and remain viable inside vacuoles [28].

Neutrophils undergo apoptosis and release viable parasites that infect

macrophages [21]. In this way, parasites could be protected from

extracellular killing or become more infective. In addition, uptake of

the apoptotic cell bodies suppresses macrophage microbicidal activity

and promotes parasite replication [21, 28]. b Early regulatory role.

Neutrophil engulfment induces a regulatory or M2b phenotype in

macrophages through NE and TLR4. When promastigotes are

released from neutrophils, they interact with IL-10 producing M2b

macrophages to increase parasite survival. [44]. c Late regulatory

role. Promastigotes infect macrophages. Following engulfment of

neutrophils, infected macrophages either kill parasites (through NE

and TNF-a) or increase their growth (through TGF-b), depending on

the genetic make up of the host [27, 32]. Replicating amastigotes are

represented by small intracellular purple circles
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NETs is to entrap and kill microbes [50]. Following stim-

ulation by chemokines or microbes, a proportion of

neutrophils die and release NETs into the medium. NETs

are composed of a backbone of chromatin and DNA, with

attached antimicrobial peptides, enzymes and histones

[50]. L. amazonensis induces NET formation by neutro-

phils, and NETs partially reduce the viability of parasites

[51]. On the other hand, L. donovani evades the microbi-

cidal effect of NETs, and leishmanial lipophosphoglycan is

required for evasion [52]. The precise roles played by

NETs await further investigation, including the potential

role of NETs in macrophage activation.

Other Leishmania species

Infection with other pathogenic Leishmania species con-

firms the importance of the tissue repair response and

neutrophils in leishmaniasis. Insulin-like growth factor

(IGF)-I, a mediator of dermal and epidermal cell prolifera-

tion [53], increases replication of L. amazonensis and

L. panamensis in vitro and in vivo [54, 55]. Apoptotic

neutrophils increase the growth of L. amazonensis in human

macrophages through secretion of TGF-b [56]. Necrotic

neutrophils reduce parasite growth through NE and TNF-a
[56]. In addition, culture with live inflammatory neutrophils

increases killing of L. amazonensis in macrophages from

both resistant and susceptible mouse strains [57]. Again, the

mechanism involves NE and TNF-a [57]. These results

suggest an important role of NE in defense against Leish-

mania. Neutrophils and macrophages also cooperate in

resistance against L. braziliensis [58]. Neutrophils from

resistant BALB/c mice induce intramacrophagic killing of

L. braziliensis, which is dependent on TNF-a and reactive

oxygen species [58]. Table 1 summarizes the results

obtained with coculture of neutrophils and either mouse or

human macrophages infected with Leishmania. It is

important to bear in mind that effects of neutrophils vary

according to the genetic background of the host, the pro-

portion of apoptotic and necrotic cells in the preparations,

and the activation stage of the neutrophils (resting vs acti-

vated). As shown in Table 1, secretion of TGF-b and PGE2

correlate with increased parasite replication, while NE,

TNF-a and reactive oxygen species induce leishmanicidal

effects (Table 1).

Skin injury leads to rapid production of type I IFNs by

plasmacytoid dendritic cells [59]. Type I IFNs promote

early inflammatory responses and re-epithelization of skin

wounds [59]. However, type I IFNs downregulate neutro-

phil responses against Leishmania. Mice deficient in type I

IFN receptor show increased resistance to infection with

L. amazonensis [60]. Coculture and transfer experiments

indicate that neutrophils deficient in type I IFN receptor

induce increased parasite killing [60]. The mechanism of

regulation by type I IFN remains to be clarified.

Neutrophils also infiltrate the dermis and serve as tran-

sient host cells in a model of visceral leishmaniasis induced

by L. chagasi [61]. In addition, in visceral leishmaniasis

induced by L. donovani, neutrophils play a protective role

by increasing the numbers of CD4? and CD8? T cells

secreting IFN-c, and decreasing production of Th2 cyto-

kines IL-4 and IL-10 [62].

Concluding remarks

Recently, the importance of neutrophils became evident in

both in vitro and in vivo models of Leishmania infection.

Diverse interactions between neutrophils and macrophages

help to establish or to restrict infection, depending on the

cytokine milieu, the activation stage of the interacting

phagocytes, and on host genetic factors. In addition to

effects on the innate immune responses, neutrophils inter-

act with dendritic cells and cooperate with macrophages in

Table 1 Interactions with neutrophils regulate growth of Leishmania in macrophages

Hosta Neutrophils Parasite Cell contactb Parasite growth Mediators involved Ref.

BALB/c APO L. major Yes Increase TGF-b, PGE2 [27]

B6 APO L. major No Decrease NE, TNF-a, ROS [27]

Human APO L. amazonensis N.D. Increase TGF-b, PGE2 [56]

Human NECRO L. amazonensis N.D. Decrease NE, TNF-a, ROS [56]

Mousec LIVE L. amazonensis No Decrease NE, TNF-a, PAF [57]

BALB/c LIVE L. braziliensis Yes Decrease TNF-a, ROS [58]

APO apoptotic, NECRO necrotic, LIVE live neutrophils, NE neutrophil elastase, ROS reactive oxygen species, PAF platelet-activating factor
a Mouse peritoneal inflammatory [27, 57] or resident [58] macrophages from BALB/c and B6 strains, or monocyte-derived human macrophages

[56], were infected and cocultured with indicated neutrophils
b Indicates whether cell contact between neutrophils and macrophages is required for the effect
c Macrophages from both resistant (C3H/HePas) and susceptible (BALB/c) mouse strains gave similar results
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adaptive immune responses [63]. As a result, neutrophils

play a disease-promoting role in mice susceptible to

L. major by increasing Th2 responses [64]. In addition,

recruitment of neutrophils correlates with an increase of

Th17 cells and immunoprotection of resistant B6 mice

[65], but with aggravated infection of susceptible BALB/c

mice [66].

Finally, human polymorphisms linked to neutrophil

recruitment affect susceptibility to cutaneous leishmaniasis

[67]. These studies suggest a role for neutrophils in human

infection. Neutrophils play prominent roles as parasite

vectors, immune effectors and regulators of immune

responses. The intimate connection between infection and

the tissue repair response opens up unexplored lines of

research. Further investigation of neutrophils can lead to a

better understanding of the infectious process and to better

vaccines for leishmaniasis.
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