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Abstract

Neutrophils rapidly infiltrate sites of infection and possess several microbicidal strategies,

such as neutrophil extracellular traps release and phagocytosis. Enhanced neutrophil infil-

tration is associated with higher susceptibility to Leishmania infection, but neutrophil effector

response contribution to this phenotype is uncertain. Here, we show that neutrophils from

susceptible BALB/c mice (B/c) produce more NETs in response to Leishmania major than

those from resistant C57BL/6 mice (B6), which are more phagocytic. The absence of neu-

trophil elastase contributes to phagocytosis regulation. Microarray analysis shows
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enrichment of genes involved in NET formation (mpo, pi3kcg, il1b) in B/c, while B6 shows

upregulation of genes involved in phagocytosis and cell death (Arhgap12, casp9, mlkl,

FasL). scRNA-seq in L.major-infected B6 showed heterogeneity in the pool of intralesional

neutrophils, and we identified the N1 subset as the putative subpopulation involved with

phagocytosis. In vivo, imaging validates NET formation in infected B/c ears where NETing

neutrophils were mainly uninfected cells. NET digestion in vivo augmented parasite lym-

phatic drainage. Hence, a balance between NET formation and phagocytosis in neutrophils

may contribute to the divergent phenotype observed in these mice.

Author summary

Leishmaniasis is a complex of vector-borne diseases transmitted by infected sandflies car-

rying Leishmania. Clinical manifestations range from cutaneous lesions to visceral disease,

which can be fatal if not treated. Cutaneous Leishmaniasis is the most common clinical

manifestation. Experimental models built in the early 70s have established susceptible

(BALB/c) and resistant (C57BL/6) strains to Leishmania major infection. Neutrophils

comprise the first line of defense against microbial invaders, and possess powerful micro-

bicidal tools, which can thwart most pathogens. Accordingly, genetic disorders that lead

to neutropenia enhance patients’ susceptibility to infections. Counterintuitively, neutro-

philia is associated with enhanced susceptibility to cutaneous Leishmaniasis. Although

these cells used to be considered transcriptionally rudimental, currently, neutrophils have

emerged as functionally plastic cells. Here, we deepened the understanding of why neutro-

phils are associated with susceptibility to infection in the murine model by showing that

not just the influx, but the functional profile of these cells likely impacts the early response

to infection and affects parasite retention in the primary site of infection, which likely con-

tributes to shaping disease outcome. Our results provide mechanistic insights to assist in

the development of target-based therapies.

Introduction

The Leishmania genus comprises a diverse group of 20 species of protozoan parasites that

cause Leishmaniasis, a complex vector-borne disease whose clinical manifestations range from

self-healing skin lesions to the visceral and most lethal form. Transmission to mammalian

hosts occurs by the bite of hematophagous phlebotomine sandflies, lacerating capillaries, and

regurgitating infective metacyclic forms in host skin [1].

Cutaneous Leishmaniasis (CL) is the most common clinical manifestation, affecting 0.7 to 1

million people annually across 98 countries. CL is characterized by ulcerative skin lesions that

could lead to serious disability, life-long scars, and social stigma [1]. Leishmania major is the

causative agent of CL in the Old World, while L. amazonensis and L. braziliensis cause CL and

mucocutaneous leishmaniasis in the NewWorld. In animal models, the severity of Leishmania

major infection has been associated to T cell polarization patterns observed in certain host

genetic backgrounds, e.g., BALB/c (B/c), susceptible mice, which preferentially mount type 2

immunity. In contrast, resistant mice, C57BL/6 (B6), mount a Th1 response [2]. Accordingly,

parasite growth is significantly higher in mice deficient in IL-12-p40, IFN-γ, or iNOS [3].
However, the disruption of STAT6 leads to the polarization of Th1 and the establishment of
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early infection by attracting permissive monocytes [4]. Thus, despite the protective effect of

Th1 immunity, this mechanism is insufficient to control parasite amplification, and other

components and cell types of the immune system must be required to control parasitism

throughout the course of the disease. In fact, neutrophils from resistant mice upregulate

expression of TLR2, TLR7, and TLR9 and produce IL-10 and biologically active IL-12p70 in

response to L. major invasion, while neutrophils from susceptible mice produce inhibitory IL-

12p40 homodimers and upregulate CD49d instead, indicating distinct phenotypes that may

influence disease outcome as well [5].

Neutrophils are the first-line responders, rapidly mobilized to infection sites to amplify

inflammation initiated by tissue-resident cells [6]. Although formerly branded as short-lived

suicide effector cells that promote deregulated inflammation and tissue damage in response to

infection, it is currently well-known that neutrophils are complex cells that can switch pheno-

types based on endogenous cues they sense in the tissue microenvironment and microbial

products. This ability to switch phenotypes has significant implications for cancer immunity

[7], sepsis [8], autoimmunity [9], and inflammatory diseases [10].

Accordingly, neutrophils are the first phagocytes recruited to sand fly bite sites to respond

to the infective inoculum [6]. Neutrophils can shape the early immune response against Leish-

mania sp. through IL-1β secretion [11], elastase [12–14], and apoptosis [15], which, respec-

tively, modulate parasite dissemination, macrophage response and antigen presentation by

dendritic cells, and CD8+ T cell priming. Moreover, regulation of neutrophilic IL-1β secretion

by tissue-resident macrophages producing heme oxygenase-1 mediates host tolerance to dis-

ease and prevents excessive tissue damage [11,16]. Altogether, those findings attest to the

importance of neutrophils in shaping host defense against infection.

NETs are web-like structures with a chromatin backbone decorated with cytoplasmic and

granular proteins produced by a fraction of the neutrophil pool as a defense mechanism

against microbial invasion but also induced by signals produced during sterile inflammation

[17]. Human neutrophils release NETs in response to Leishmania promastigotes, and L. ama-

zonensis is susceptible to histone-mediated killing [18]. However, certain species, such as L.

donovani and L. infantum can evade NET killing [19,20]. Furthermore, Lu. longipalpis (sand-

fly) saliva also possesses a nuclease activity that causes NET degradation [21]. However, the

biological significance of neutrophil extracellular traps to the course of Leishmania infection

remains to be addressed.

Neutrophil phagocytosis of metacyclic promastigotes has been proposed to shield para-

sites inside neutrophils, acting as “Trojan horses” protecting them until transfer to macro-

phages, their permanent host cells, by efferocytosis or by direct parasite transfer [22,23].

However, it has been shown that neutrophils may also allow parasite replication [24] and can

kill some Leishmania species [25]. Interestingly, evidence suggests that NET formation and

phagocytosis are divergent pathways initiated by a distinct set of neutrophil subpopulations

[26–28].

In the present study, we provide evidence for a dichotomy in neutrophil microbicidal

response in B/c and B6 mice, supported by plasticity in the expression of genes related to

phagocytosis and NET formation in the skin transcriptome. We found transcriptional het-

erogeneity in the pool of neutrophils infiltrating the infected tissue, which may also contrib-

ute to shaping the phenotype of these cells. Finally, we correlate NET formation at the site of

infection to the control of parasite lymphatic drainage. Hence, we propose that plasticity in

the pool of neutrophils from each mouse strain may influence host susceptibility to

infection.
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Results

BALB/c (B/c) neutrophils are more efficient at NET production than
C57BL/6 (B6) and differ in neutrophil elastase content

Experiments in this section were conducted to determine the capacity of neutrophils from

B/c and B6 mice to produce NETs in response to L. major infection. Neutrophils were iso-

lated from bone marrow (BMN) and were incubated with an increasing ratio of L. major

promastigotes. NETs were quantified by measuring supernatants’ free dsDNA and neutro-

phil elastase (NE) activity. NET-DNA production was normalized based on basal levels of

dsDNA produced by quiescent cells from each experiment performed side-by-side (S1A

Fig). Fig 1A shows that B/c BMN outperformed B6 BMN in NET-DNA production 2h

post-stimulation (p.s.). Only the highest parasite ratio elicited a response from B6 BMN

during this period. In contrast, 4 h p.s. NET-DNA levels were equivalent among mouse

strains (Fig 1A). Additionally, after parasite stimulation, extracellular levels of NE activity

increased in a parasite-dependent manner in B/c BMN but remained stable in B6 BMN

(S1B Fig).

To address if this response pattern would persist under inflammation, we collected

inflammatory neutrophils (iNØ) elicited to the peritoneal cavity by casein hydrolysate i.p.

injection. Similarly, NET-DNA released by B/c iNØ was significantly higher than B6 at 2-

and 4 h p.s. (Fig 1B). Kinetics of NET extrusion measured with Sytox Green vital dye every

10 min for 2 h confirmed the reduced capacity of B6 iNØ to produce NETs in comparison to

B/c upon contact with promastigotes (Fig 1C). Moreover, injection of metacyclic promasti-

gotes into the peritoneal cavity led to significantly higher levels of NET-DNA in the lavage

fluids collected from B/c mice (S2A Fig). However, neutrophils were not the major popula-

tion in the inflammatory infiltrate elicited by metacyclic promastigotes in the peritoneal cav-

ity (S2B Fig). Yet, the total numbers of neutrophils recruited from each mouse strain were

equivalent (S2C Fig).

Distinct extracellular NE activity observed with the Leishmania stimulated neutrophils in

vitro suggests that NETs from B/c and B6 neutrophils may differ in NE content. Therefore, we

estimated the relative levels of elastase associated with the DNA backbone of NETs by calculat-

ing the ratio of extracellular elastase activity per dsDNA arbitrary units. The elastase/DNA

ratios were equivalent in the B/c BMN and B6 BMN supernatants at 2 h p.s. In contrast, we

detected a ~50% increase in the elastase/DNA ratio of B/c compared to B6 at 4 h p.s. (Fig 1D).

Furthermore, B/c iNØ elastase/DNA ratio was 10-fold and 5-fold higher than B6 iNØ after 2

and 4 h of stimulation with promastigotes, respectively (Fig 1E). Finally, immunofluorescence

confirmed differences between B/c and B6 in the levels of elastase decorating NET-DNA

microfibers, which was further supported by quantification of pixel intensity of NE staining

co-localized with DNAmicrofibers (Fig 1F and 1G).

Reproducibility of studies performed in mice in a single laboratory can be challenging due

to discrepancies in animal husbandry, which can affect the microbiome and behavior of these

animals and, as a result, reshape the immune system. To certify the consistency of our findings,

we used B/c and B6 strains acquired from Taconic Biosciences and housed at another animal

facility. Additionally, experiments were conducted following a distinct experimental protocol

to avoid bias. Briefly, highly purified BMN obtained by magnetic negative selection was stimu-

lated with purified metacyclic promastigotes for 3 h, and extracellular dsDNA was measured

in a NanoDrop. Accordingly, we observed the same strain differences in NET-DNA produc-

tion (S3 Fig). Hence, we demonstrate that B/c BMN responds differently to L. major infection

regarding NET formation when compared to B6 neutrophils, and, importantly, this phenotype

was intensified by inflammatory priming.
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Fig 1. Neutrophils from B/c mice show greater potential to generate NETs enriched in elastase than B6 mice. Bone marrow neutrophils (BMN; 5 x
105 cells/ well) of B/c (blue bars) or B6 (purple bars) mice were either left untreated (Nil) or incubated with the increasing MOIs indicated of L. major
promastigotes for 2 or 4 h. We quantified (A)NETs as extracellular dsDNA from BMN (1 x 106 cells/ well), which was represented as a fold increase over
control. (B) Casein-recruited inflammatory neutrophils (iNØs; 1 x 10

6 cells/ well) of B/c or B6 mice were incubated with an increasing ratio of L. major
promastigotes for 2 or 4 h and we quantified NETs and followed (C) kinetics of NET formation by Sytox Green staining every 10 min for a period of 120
min. (D)Quantifying NETs composition by elastase/dsDNA ratio of BMN and (E) iNØs. (F) Immunofluorescence of NETs stained with Hoechst (blue)
and anti-neutrophil elastase (green). (G)Quantification of mean elastase fluorescence intensity from 2 independent experiments performed in duplicate.
Scale bar: 20 μm. Results are mean±SEM of n = 4–10 performed as 2–3 independent experiments. Differences (*) relative to Nil or (#) between indicated
bars were considered significant when p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g001
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Leishmania major-induced NET formation in BMN requires neutrophil
elastase but is independent of NADPH oxidase and TLR4

To investigate the involvement of ROS produced by NADPH oxidase in NET release, B6 BMN

from gp91phox-/- or wild-type mice were stimulated with L. major promastigotes for 4 h, and

we detected equivalent levels of NET-DNA extrusion in neutrophils from both strains (Fig

2A). To confirm the absence of the NADPH oxidase complex activity on gp91phox-/-, we evalu-

ated ROS generation induced by PMA on gp91phox-/- or B6 wild-type BMN. As expected, ROS

generation was not detected in knockout mice, which is in contrast to the high levels of ROS

produced by wild-type BMN (Fig 2B). We evaluated the capacity of BMN from B/c and B6 to

produce ROS in response to L. major promastigotes. BMN from both strains showed equiva-

lent ROS production in response to PMA (Fig 2C). Interestingly, promastigotes did not induce

detectable changes in the levels of ROS on BMN from either strain (Fig 2D).

To address the role of elastase on NETs induced by L.major, we isolated B6 BMN from elas-

tase knockout (ela2-/-) or B6 wild-type mice and stimulated them with promastigotes. We

observed that ela2-/-mice failed to form NETs beyond quiescent levels, confirming the role of

NE expression on NET formation (Fig 2E).

Additionally, since TLR4 participates in the Leishmania sp. recognition [29,30], we tested

the participation of this receptor in the NET formation induced by the parasite. Our results

showed that TLR4 absence did not affect NET formation induced by L. major in total bone

marrow cells (S4 Fig). Thus, we demonstrated that induction of NETs by L. major does not

require assembling the NADPH oxidase complex or TLR4 but is dependent on neutrophil

elastase-mediated chromatin decondensation.

Elastase as a key checkpoint regulator of neutrophil effector response

At increasing ratios, we assessed neutrophils’ capacity to uptake parasites by incubating CFSE-

labeled promastigotes with B6 or B/c BMN. SSChighLy6G+ cells from B6 mice showed, on aver-

age 2-fold higher percentage of CFSE+ cells than B/c BMN (Fig 3A and 3B). To further explore

this phenomenon in vivo, we injected PKH26-labeled metacyclic promastigotes intradermally

into mouse ears. Fluorescence-activated cell sorting analysis on dermal cells at 3 and 6h post-

injection showed a significant increase (3- and 2-fold, respectively) in the percentage of

PKH26+Ly6G+ infected neutrophils from B6, compared to B/c mice (Fig 3C). Next, we

observed that NE-deficiency leads to increased neutrophil phagocytosis of L. major-CFSE+

parasites in vitro compared to wild-type mice, indicating that NE is a key checkpoint regulator

of neutrophil effector response since in its absence, phagocytosis takes precedence over NET

formation in the neutrophil response (Fig 3D). To evaluate intracellular parasite viability in

neutrophils, we elicited iNØ and subsequently infected the peritoneal cavity with Leishmania

major-RFP parasites. We sorted uninfected RFP- and infected RFP+ neutrophils as

CD11bhighSSC-Ahigh, as depicted in the pre-sorting gating strategy, and we further confirmed

sorting efficiency by post-sorting analysis of samples (Fig 3E). We recovered viable parasites in

neutrophils from both mice, whilst B6 neutrophil displayed a 2-fold increase in parasite num-

bers, which reached borderline statistical significance, p = 0.0591, (Fig 3F). Hence, despite dif-

ferences in phagocytic capacity, neutrophils from both mice retain viable promastigotes inside

them.

Finally, to compare the level of parasite viability in the skin of these mice during the onset

of inflammation at the site of infection, we injected i.d. B/c and B6 mice with 106 metacyclic

promastigotes of L. major and measured parasite load in the ear skin 18 h post-injection, since

at this stage parasites have not gone through replication and neutrophils remain the majority

of the inflammatory infiltrate. B6 mice exhibited a diminished number of parasites in the ears
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Fig 2. NET induction by Leishmania major is independent of NADPH oxidase activity. (A) BMN (5 x 105 cells/ well) of B6 wild-type (WT; gray
bars) or gp91phox-/- (hatched bars) mice were either left untreated (Nil) or incubated with increasing numbers of L. major promastigotes (1:1, 1:5)
and NETs measured as the release of extracellular dsDNA and presented as fold increase over control 4 h post-stimulation. (B) ROS generation of
bone-marrow-derived neutrophils of wild-type (black lines) or gp91phox-/- (purple lines) mice were measured every 5 min for a period of 90 min
in the presence (filled lines) or absence of PMA (dashed lines). (C) BMN (5 x 105 cells/ well) of B/c (blue bars) or B6 (purple bars) mice were either
left untreated (Nil) or incubated with an increasing ratio of L. major promastigotes (MOI 1 and 5) or PMA (100 nM) and (D) ROS generation was
measured during 2 h with DHR123 probe. (E) Quantification of NET-DNA release 1 h post-stimulation with L. major promastigotes (MOI 1 and
5) of BMN from wild type (purple bars) and elastase knockout (green bars) mice. Results are mean±SEM of n = 4–6. Difference (#) between
indicated bars were considered significant when p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g002
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compared to B/c, indicating that early inflammatory response in B6 mice is more effective at

killing parasites, which reduces the number of parasites available to establish infection

(Fig 3G).

Next, to explore the toxicity of NETs to promastigotes, we generated NET-enriched super-

natants from iNØ obtained from each mouse strain, and incubated them with L. major over-

night at 35˚C, human skin temperature. Additionally, supernatants were pre-treated with

DNAse or elastase inhibitor. We observed that NETs derived from B/c mice killed 50% more

Fig 3. B6 neutrophils are more effective in phagocytosis than B/c, but promastigotes can evade killing. (A)
Representative scatter plots of the percentage of BMNCFSE

+ from B/c and B6 mice incubated with CFSE-labeled
parasites and (B) data compilation. (C) Percentage of PKH26+ cells among recruited neutrophils frommouse ears 3 h
after injection of PKH26-labeled parasites. (D) Percentage of BMNCFSE

+ from B/c, B6, and ELA-/-mice incubated with
CFSE-labeled parasites. (E) iNØ recovered from peritoneal lavage fluid 3h post-injection of casein hydrolysate and 2h
after intraperitoneal injection with 2×106 L. major-RFP stationary phase promastigotes were sorted to obtain
uninfected RFP- and infected RFP+ iNØ from B/c and B6 mice. Representative dot plots of gated cells display quadrant
values as a percentage of each gate during pre-sort and post-sorting. (F) Parasite load recovered from uninfected RFP-

and infected RFP+ iNØ from B/c and B6 mice calculated by limiting dilution assay. (G) Parasite load in the skin 18 h
post-infection from B/c (white dots) and B6 (black dots) mice. Results are compilation of 2–3 independent
experiments. Results are mean±SEM of n = 4–6. Differences (*) relative to Nil or (#) between indicated bars were
considered significant when *p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g003
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promastigotes than B6 mice-derived NETs (Fig 4A). DNAse treatment and elastase inhibition

significantly increased parasite survival when co-incubated with B/c-derived NETs. In con-

trast, treatments with DNAse or elastase inhibitors did not affect parasite viability in cultures

treated with B6-derived NETs (Fig 4A). Moreover, incubation of promastigotes with purified

human leukocyte elastase (HLE) promoted parasite killing in a dose-dependent manner

(Fig 4B). Accordingly, promastigote viability was rescued by elastase inhibition or by anti-

elastase neutralizing antibodies (Fig 4B). Moreover, we tested whether HLE was up taken by L.

major by incubating promastigotes with HLE for 2 h, and subsequently, stained parasites intra-

cellularly for elastase. We observed staining for HLE at the cell surface, flagellum, and cytosol

(S5 Fig), which indicates that HLE interacts with the parasite membranes reaching the cytosol,

where it can provoke killing through yet unknown mechanisms. It was previously shown that

a parasite protein that inhibits neutrophil elastase, ISP2, inhibits the proteolytic activity of NE

Fig 4. ISP2/3 mediates evasion to NET killing promoted by neutrophil elastase. (A) iNØs were stimulated with FA-fixed promastigotes, and NET-
enriched supernatant was incubated with live promastigotes in the presence of 100 units/mL DNase or 20 μg/mL elastase inhibitor (i.E) to determine
NET-mediated parasite killing measured as parasite survival. Purified recombinant elastase was incubated with promastigotes alone or in
combination with either Ab anti-elastase (1:100) or elastase inhibitor 20 μg/mL, and (B) percentage of viable parasites was measured by XTT Cell
Viability Assay. (C) NET-killing assay comparingWT or Δisp2/3 parasite strains. (D) The number of viable WT, Δisp2/3, and Δisp2/3 add back
(Δisp2/3 AB) parasites incubated with elastase (5 μg/mL and 10 μg/mL; Ela 10) and the indicated dilutions of anti-elastase antibody. Results are mean
±SEM of n = 4–6. Differences (*) relative to Nil or (#) between indicated bars were considered significant when p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g004
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at the host cell, with consequences for macrophage infection [31]. Hence, we sought to evalu-

ate the role of parasite ISPs on NETs killing evasion. Firstly, L. major mutants deficient in ISP2

and ISP3 (Δisp2/3) or wild-type strains were treated with NET-enriched supernatants. Accord-

ingly, we observed similar parasite survival when Δisp2/3 or WT promastigotes were treated

with NETs from B6 mice (Fig 4C). In contrast, Δisp2/3 promastigotes were significantly more

susceptible to killing mediated by B/c NETs compared to wild-type parasites (Fig 4C). Accord-

ingly, purified elastase was significantly more toxic to Δisp2/3 parasites compared to wild-type

or add-back strains and, this phenotype was prevented by NE neutralizing antibodies (Fig 4D).

Therefore, we demonstrate that, although elastase promotes some level of parasite killing, pro-

mastigotes can evade NET killing through the expression of ISP2 and persist inside infected

neutrophils of both mice.

Myeloperoxidase (MPO) also participates in Leishmania major-induced
NET formation

Since MPO is also associated with the NET scaffold and is involved in chromatin decondensa-

tion, we analyzed the presence of this enzyme in casein-stimulated neutrophils from both

mouse strains. Our findings demonstrated that MPO is associated with the NET-DNA scaffold

from both mouse strains. (S7 Fig).

To further address differences in the MPOmobilization in response to global activation, we

evaluated the subcellular distribution of MPO in the cytoplasmic and nuclear fractions of

BMN stimulated with PMA/ionomycin, a pan-activator cocktail. Cytoplasmic MPO was sig-

nificantly depleted in neutrophils from B/c compared to B6 mice 15 and 30 min p.s., while lev-

els in both strains were similarly restored by 1h p.s. (S8A Fig). The amount of intranuclear

MPO at steady-state was significantly higher in B/c BMN compared to B6 (S8B Fig). Interest-

ingly, we also observed a transient depletion of MPO staining in the nucleus 15 and 30 min p.

s. Moreover, 1 h p.s. the intensity of intranuclear MPO was significantly greater in B/c BMN

compared to neutrophils from B6 BMN, which demonstrates that neutrophils from B/c prefer-

ably mobilize MPO into the nucleus in response to activation (S8B Fig). 3D reconstruction

confirms subcellular localization of MPO inside the nucleus of BMN (S1 Video). We did not

detect NET-DNA release at this activation point (S8C Fig). Likewise, higher staining of MPO

in the nucleus of B/c neutrophils at steady-state and enhanced mobilization of MPO to the

nucleus upon pan-activation suggests that B/c mice are more prone to respond to L. major

infection by releasing NETs than neutrophils from B6 mice.

Comprehensive transcriptional analysis supports the plasticity of
neutrophil effector response at the host and cellular levels

To further explore the balance between phagocytic activity and NET formation, we analyzed a

publicly available microarray dataset of B/c and B6 mouse ears from naive mice (Accession

number GSE56029) to evaluate the baseline expression of genes related to those pathways. A

total of 1,489 genes were differentially expressed (adjusted p-value< 0.05 and log2 fold

change> 1.5) in which 795 are increased in the B/c naive mice and 694 in the B6 naive mice.

A list of genes related to phagocytosis obtained from the Gene Ontology database

(GO:0006909, 356 genes) along with a manually curated list of genes related to NET release

(51 genes) and phagocytosis (65 genes) obtained from established literature findings (S1

Table) were used to select probes from the differential analysis (Fig 5A). Seven probes targeting

6 transcripts related to phagocytosis were increased in B/c. In comparison, 8 probes represent-

ing 8 genes were increased in B6 skin (Fig 5B). Of note, one of the probes related to the arh-

gap12 gene, which is involved in the formation of the phagocytic cup [28,32], showed one of
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the greatest fold change values whilst another probe for the same gene did not have a p-value

above the threshold. Considering the NET-related genes, 4 probes representing 3 genes were

significantly increased in B/c mice in contrast to no probe increase in the B6 naive mice

(Fig 5C). Among them, we detected two probes for myeloperoxidase (mpo) gene significantly

Fig 5. Transcriptional profiling of genes related to NET release and different types of cell death and phagocytosis in C57BL/6 (B6) versus BALB/c (B/
c). (A) Processed transcriptome array of B/c and B6 naïve mice was analyzed to identify differentially expressed probes. 1,489 differentially expressed probes
were detected using the LIMMA package, of which 795 were increased in the B/c naive and 694 in the B6 naive condition. Significant probes were selected
using a threshold of adjusted p-value< 0.05 and log2 fold change> 1.5. Annotation labels on the top (A) indicate samples from B/c naive mice (white) or
B6 naive mice (gray). Rows were z-score transformed, and Euclidean distance was used to cluster the rows and columns in a hierarchical way. (B-C)
Differentially expressed probes between B/c and B6 naive animals were identified to investigate transcriptional differences in genes related to phagocytosis
(B) or NETs (C) at a steady state. Positive values in the x-axis indicate probes with a higher fold-change in B/c (right-pointing arrow), whilst negative values
denote an increase in B6 (left-pointing arrow). The adjusted p-value (adj. p-value) was calculated using the Benjamini-Hochberg method (FDR) and a
threshold of adj. p-value< 0.05 and log2 fold change> 1.5 was set to differentiate significant differential probes (red dots) from non-significant (gray dots).
The list of phagocytosis and NET-related genes is described in the methods. n.s. Non-significant; (D-J) Expression values of differentially expressed probes
found in the skin of B/c and B6 at steady-state conditions and 4 weeks p.i. The adjusted p-value (adj. p-value) was set to differentiate significant differential
probes from non-significant. *p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g005
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increased. These results indicate an important difference in myeloperoxidase expression

between B/c and B6 naive mice, thus supporting evidence for a transcriptional program that

favors NETs formation in B/c mice, which might impact neutrophil effector response to L.

major invasion. Moreover, the notable difference in the expression of arhgap12, which is

increased in B6 naive mice, could support the higher incidence of phagocytosis in the pool of

neutrophils from B6 mice.

Furthermore, to explore potential upregulated pathways in the B/c and B6 skin microenvi-

ronment, we performed a Gene set enrichment analysis (GSEA) for enriched Gene Ontologies.

Multiple probes mapping to the same transcripts were aggregated using the mean value, thus

reducing the initial 1,489 differentially expressed probes to 1,271 genes (Fig 5C). A ranked file

composed of gene names and log2 fold change values was given as input to cluster Profiler fil-

tering results for pathways with FDR< 0.05. Thirty-five pathways were significantly enriched

of which 7 increased in the B/c naive mice and 28 in the B6 naive mice (S9A Fig). As the B/c

and B6 conditions were compared to each other, an increase in the enrichment score for B/c

naive mice means, necessarily, a decrease in the same pathway for B6 naive mice and vice-

versa (S9A Fig). Next, we conducted another gene set enrichment analysis, but this time

evidencing the number of genes matching the ontology and the ratio of those genes consider-

ing all the genes in the ontology. Activated ontologies indicate enrichment in the B/c naïve,

whilst suppressed represent ontologies enriched in the B6 naïve (S9B Fig). Of note, pathways

enriched on B6 mice indicate a more robust immunity, including enrichment of genes

involved in neutrophil and leukocyte migration, TNF production, and antigen presentation,

whereas B/c showed a metabolic shift towards ATP and NADHmetabolic processes. Finally,

targeted transcriptome analysis done in the skin lesions 4wks p.i. with L. major of B/c and B6

(Accession number GSE56029) reveals that while B/c mice express significantly more genes

related to NET release (mpo, pi3ckg) and pyroptosis (il1b, nlrp3), while B6 skewed cell death

pathways towards apoptosis (fasL, cas9) and necroptosis (mlkl). We evaluated the frequency

and relative numbers of intralesional neutrophils 4wks p.i. and we did not detect significant

differences, which demonstrate that differential expression observed is this timepoint is not

related to a bias created by a distinct neutrophil count (S10A and S10B Fig). Therefore, we

highlight here important differences in the transcriptional program of these mice at a steady-

state and during infection that could contribute to modulations in the neutrophil effector

response signature of these mice.

Interested in investigating whether transcriptional plasticity within neutrophil subpopula-

tions has consequences for alterations in the microbicidal response, we accessed public

scRNASeq data of B6 naive and L. major infected mice (GSE185253). From a total of 13,524

preprocessed cells, we analyzed 539 cells annotated as neutrophils. Based on clustering of these

cells and on the expression of genes related to neutrophil polarization (icam1, tnf, fas, cxcr2) as

previously described elsewhere [33] (Fig 6A), it was possible to annotate the subsets N1 (243

cells), N2 (158 cells), and a previously uncharacterized subset (138 cells) (Fig 6B). The three

neutrophil subtypes identified revealed a distinct molecular signature, as demonstrated by the

top 45 genes differentially expressed in each cluster (S11A Fig). Finally, we interrogated the

expression of genes related to phagocytosis and NET release in those subpopulations. A meta

signature of phagocytosis consisting of 39 genes revealed marked associations with the N1

cluster (Fig 6C). In contrast, the expression of the 24 genes related to NET release that we

picked was low, with insufficient cells expressing the signature for further analysis. Neverthe-

less, two genes related to the phagocytosis signature, clec4n and clec4e were found upregulated

in N1 (adjusted p-value< 0.01), whilst hif1α, involved in NET release [34], reached borderline

significance (p-value< 0.05, adjusted p value = 0.11) in N2 (Fig 6D). The differential expres-

sion was verified by four statistical approaches built in the Seurat package to better assess the
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Fig 6. Identification of neutrophil subtypes related to phagocytosis and NET release. (A) scRNASeq data (GSE185253) was used to
subset neutrophil cells according to their annotation verified by the expression of S100a9 and S100a8. We identified neutrophil subtypes
by using four previously established markers of N1 (Icam1, Tnf, Fas) and N2 (Cxcr2) polarization based on DOI: 10.3389/fimmu.2020.
00532. Each dot represents a cell and the color scales the expression level of the respective gene. (B) Spatial representation by Uniform
Manifold Approximation and Projection (UMAP) of scRNASeq of neutrophil subclusters. Seurat workflow was used to find neighbors,
clustering, and annotation. Three clusters were identified based on the marker genes from (A) and used to annotate the cells. (C) Meta
signature consisting of 39 genes related to phagocytosis and expressed on neutrophils cells. Cells from N1 cluster presented higher scores
of the meta signature than those of N2 cluster. (D) Analysis of differentially expressed genes between N1 and N2 clusters showed Clec4n
and Clec4e as more expressed in N1 (adjusted p< 0.01), and Hif1a borderline higher in N2 (adjusted p = 0.11). The expression level is in
reading counts and each dot represents a cell. RNA expression was imputed using Adaptively-thresholded Low Rank Approximation
(ALRA) that deals with sparse matrices.

https://doi.org/10.1371/journal.ppat.1012592.g006
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reliability of the findings and to increase the detection of potential genes related to phagocyto-

sis and NET release. Most of the genes associated with phagocytosis or NET release signatures

were below the default threshold of the package used for differential expression analysis, a

recurrent limitation of scRNA-seq. The results of the findings, excluding non-evaluated genes,

are depicted in S11B and S11C Fig. Lastly, the findings relate the expression of a meta signature

of phagocytosis with the N1 profile and identify clec4n and clec4e as the main markers of this

signature (Fig 6D). Therefore, indicating that within the heterogeneous pool of neutrophils,

each subset possesses a unique transcriptional program that could contribute to shaping differ-

ent phenotypic behavior in these cells.

Neutrophil extracellular traps control parasite lymphatic drainage

To visualize and validate NET formation in vivo, we conducted intravital confocal imaging in

the ear pinnae to monitor neutrophil infiltration and extracellular trap formation during intra-

dermal Leishmania infection in B/c mice. We injected 105 RFP-expressing promastigotes of L.

major in 10 μL in order to get a focal point of infection. To monitor Ly6G+ cells, we generated

and purified a Ly6G Fab fragment, which was conjugated to Alexa Fluor 647, in order to pre-

vent antibody-mediated neutrophil cell death. We confirmed the purity of our preparation

(S12A Fig), binding (S12B Fig) and specificity (S12C Fig) of our Ly6G Fab fragments. Addi-

tionally, Sytox Green staining was used to detect NET formation in the tissue. Time-lapse

imaging of the infection site shows pockets of early NET release with Ly6G+ cells surrounded

by diffuse or thin filaments of Sytox Green staining (Fig 7A). Zone 1 and 2 distinguish regions

of predominant NET release from sites with mostly infected cells and dead cells with con-

densed chromatin (yellow arrow head), respectively (Fig 7B). NET connected to neutrophil

(white arrows) and the Leishmania caught in the NET (brown arrow) are observed (Fig 7C).

We also quantified the percentage of NETing neutrophils among infected and non-infected

cells, and we observed an inverse correlation of NET release with internalization of parasites

(Fig 7D). Finally, we compared citH3 in skin tissue lysates of both mice strains by immuno-

blotting at 24 h post-infection, and we observed significant upregulation of this NET bio-

marker in B/c, whereas citH3 was absent in B6 skin lysate (Fig 7E). Arg1 was used as a control

to validate immunological response skewed towards Th2 immunity in BALB/c mice. More-

over, similar differences were observed upon infection with L. amazonensis using the whole

IgG Ly6G antibodies (S13 Fig and S2 and S3 Videos).

To investigate the biological impact of NET formation in vivo, B6 and B/c mice were

injected intradermally in the ears with 106metacyclic promastigotes of L. major in combina-

tion or not with alpha dornase (Pulmozyme), a biosynthetic form of DNAse I (Fig 8). Mice

were treated repeatedly with PBS or alpha dornase i.v. to assure digestion of NETs generated

by the continuous neutrophil influx [20,35,36]. Our results demonstrated that treatment with

alpha dornase in B/c mice promoted a transient increase in lesion diameters reaching statistical

significance at 3 weeks post-injection, but no differences were observed at later time points

compared to PBS (Fig 8A). Conversely, alpha dornase administration increased disease toler-

ance in B6 mice compared to vehicle alone (Fig 8D). No differences were observed in parasite

loads found in the skin among groups of both strains (Fig 8B and 8E). Remarkably, NETs

digestion resulted in the enhancement of parasite lymphatic drainage in both strains, while

alpha dornase treatment increased 5-fold the number of parasites in the lymph nodes of B6

mice, the same treatment resulted in a 1351-fold increase in B/c mice compared to control (Fig

8C and 8F). Additionally, we have induced higher or lower nucleotidase activity in L. amazo-

nensis by culturing them in low-phosphate (LP) or high-phosphate (HP) conditions, respec-

tively (S14A Fig). Subcutaneous injections of HP or LP parasites in the footpads of B/c mice
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resulted in increased retention of parasites in the footpad of animals infected with HP parasites

(S14B Fig), whereas higher nucleotidase activity enhanced lymphatic drainage of parasites,

which provides orthogonal validation that NET digestion facilitates lymphatic drainage of par-

asites (S14C Fig). Altogether, our data support that the formation of NETs predominates at the

site of infection in susceptible mice, and suggest that NET formation might directly modulate

Fig 7. In vivo image shows zones of NET release spatially excluded from regions of phagocytosis.Mice were inoculated with RPF-
expressing L. major to achieve a small focal infection in the ear pinnae. AF647-conjugated anti-Ly6G Fab antibody was injected i.v. 1 h
later. Two hours after parasite inoculation, mice were anesthetized, injected with Sytox green i.v. and immediately imaged on a
confocal microscope. Snapshots of time-lapse movies were taken 2–3 h p.i. (A, B) Representative images from infection sites in the
skin of B/c mice. Pockets of vital NET release identified in zone 1 are spatially isolated from zone 2, where you find mostly infected
cells. The yellow arrow points to a necrotic cell. (C) Representative image from infection sites shows pockets of NET formation within
small clusters of cells, where white arrows point to NET-DNA fibers and brown arrows point for parasites trapped in the NETs.
Bar = 20μm. (D) Quantification of the percentage of NET release among infected and non-infected cells including zones 1 and 2. (E)
Immunoblot for citH3 histones and Arg1 from whole skin tissue lysate obtained from non-infected and infected ears of B/c or B6 24 h
p.i. Results are mean±SEM or representative data of 2–3 independent experiments.

https://doi.org/10.1371/journal.ppat.1012592.g007
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the early antigen load in draining lymph nodes, which could have implications in shaping host

adaptive immunity.

Discussion

Massive neutrophil influx starts at the inoculation site immediately after sand fly bites, and

egested metacyclics that are promptly phagocytized by both neutrophils and resident macro-

phages [35,37]. Depletion of neutrophils results in different outcomes in experimental models

of L. major infection, which is conditioned to the experimental protocol used and host genetic

background [36,38]. Phenotypic distinctions in these granulocytes might be extrinsic, related

to the microbiome and to the immunological microenvironment created during each host

response to infection, or intrinsic, such as genetic factors predisposing those neutrophils to

Fig 8. NETs regulate parasite drainage to lymph nodes. The schematic figure shows the protocol of DNAse treatment
adopted. (A, D) Progression of lesion size over time among B/c and B6 injected intradermally with 106metacyclics of L.
major in the ear pinnae. (B, E) Parasite load in the skin lesion 6 weeks post-infection and (C, F) parasite load in the draining
lymph nodes from B/c and B6 mice, respectively. Pulmozyme (PMZ) treated animals (purple columns or line). Results are
mean±SEM of n = 4–6. Results are compilation of 2–3 independent experiments. *p<0.05.

https://doi.org/10.1371/journal.ppat.1012592.g008
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respond differently, or even a combination of both. Previous evidence has demonstrated that

L. major induces opposed responses on neutrophils derived from susceptible and resistant

mice regarding cytokine production such as IL-12p40, IL-10, and TLRs expression [5], while

levels of elastase degranulation have also been shown to differ in quiescent neutrophils derived

from these mice [13]. Accordingly, we have deepened those observations by showing that

BMN from susceptible mice is more likely to form NETs at basal state and respond to L. major

than neutrophils from resistant animals. Though basal NET formation differences were neu-

tralized by inflammatory priming, responsiveness to parasites was maintained in inflammatory

neutrophils and reproduced on mice from a different animal facility and laboratory setting,

confirming the robustness and reliability of this phenotype across different laboratories and

discarding any role of microbiota on this phenotype. Furthermore, the injection of promasti-

gotes in the peritoneal cavity also resulted in the release of significantly more NET-DNA in the

susceptible background than resistant. However, neutrophils were not the major population in

the inflammatory influx recruited to the peritoneal cavity by the parasites, which agrees with

previous reports [36]. Thus, DNA extracellular traps production might be globally enhanced

on immune cells in B/c background compared to B6.

Enhanced neutrophil elastase activity was detected in cultures of neutrophils obtained from

B6 mice, at basal levels, compared to B/c [13,39]. We observed a similar trend under our exper-

imental conditions during the first 2 h of incubation, and to a lesser extent after 4 h. However,

in the presence of promastigotes, while B/c neutrophils increased the release of elastase in a

parasite-dependent ratio, levels of elastase activity in B6 neutrophil cultures remained

unchanged regardless of the parasite ratio. Fluorescence microscopy revealed that B6 mice

have significantly diminished elastase overlaying NET fibers, while B/c mice formed NET

fibers enriched in this serine-protease. Although we observed more elastase attached to NET

fibers on susceptible mice, we cannot exclude the possibility that some of the elastase found

associated with these fibers might be a result of unsystematic extracellular adsorption of granu-

lar proteins to NET fibers on our cultures, whether this process is translatable to in vivo setting

remains to be addressed. Yet, evidence generated by proteomic analysis has demonstrated that

NETs composition vary in response to different stimuli [40,41]. Although NETs were not mea-

sured, it has been shown that sequential intranasal application of LPS and fMLP, resulted in

significantly higher MPO and elastase activity recovered from bronchoalveolar lavage fluids of

B/c compared to B6 mice [42]. This suggests that both enzymes release by neutrophils is a

rather tightly regulated process conditioned by genetic background and the type of stimula-

tion, which could ultimately impact the repertoire of granular proteins decorating NET fibers.

We could not detect any ROS generation induced by L. major on neutrophils in both mice.

Data regarding ROS production by neutrophils in response to Leishmania sp. infection is still

controversial. While it has been reported that L. major inhibits ROS production by PMA-

activated neutrophils, some other studies showed that mouse neutrophils enhance respiratory

burst in response to L. major in vitro but fail to induce ROS in human neutrophils [43],

whereas ROS production in human neutrophils has been reported with other Leishmania spe-

cies [44,45]. Although classical NET formation by certain stimuli requires ROS generation

[46], we describe here that NADPH oxidase is not required for L. major induction of NETs in

mice and, in fact, it has been demonstrated that NET formation can occur independently of

ROS generation or even ensue under ROS suppressive conditions [47]. Nevertheless, impor-

tant differences exist between murine and human neutrophils, hence a potential role of L.

major suppressing ROS production in murine neutrophils require further investigation.

Finally, differences in probe specificity and sensitivity [48] may also account for the results we

obtained, and recent evidence have demonstrated the requirement of opsonization for ROS

induction in mouse neutrophils [49].
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We describe here that NE expression and its mobilization to the nucleus are central to

induce NET formation as elastase knockout mice did not respond to promastigotes compared

to wild-type neutrophils. Accordingly, human neutrophils also require neutrophil elastase

activity in order to produce NETs in response to L. amazonensis [45].

In vivo imaging of neutrophils at the infection site showed a rapid swarming of cells and a

large proportion of parasite-infected granulocytes in the infiltrate in a B6 background [37].

However, the profile of neutrophil effector response in B/c mice at the infection site had been

poorly investigated. We report higher parasite uptake by B6 neutrophils compared to B/c mice

in vitro and in vivo. Hence, the inability of neutrophils to internalize parasites right away on B/

c mice might shift infection to other permissive cell types that support parasite replication

including inflammatory monocytes, macrophages and fibroblasts [4,35,50], which might fur-

ther contribute to increased susceptibility to infection and latency in these mice. Here, we have

shown that neutrophils from elastase knockout mice possess higher phagocytic capacity com-

pared to wild-type. Indeed, phagocytosis activation has been shown to antagonize nuclear

translocation of NE, and data supports that neutrophils that had phagocytosed apoptotic bod-

ies were unable to release NET [26,27]. Previous observations also indicated that the phagocy-

tosis of promastigotes or NET release is a dichotomous response within the pool of human

neutrophils isolated from the peripheral blood [51]. Hence, we have shown here that elastase is

a central regulator of neutrophil effector response. The mechanisms by which elastase regu-

lates neutrophil phagocytosis remains to be elucidated. The ability of NE and MPO to promote

chromatin decondensation [52] may contribute to epigenetic modifications on neutrophils

that could shape the program of these cells as well. Indeed, we observed differences in the levels

of intranuclear MPO in neutrophils from B/c and B6 at steady state.

Elastase has been described as an immune modulator agent that activates a leishmanicidal

state on macrophages via TLR4 at nanomolar doses [13,31]. However, high doses of elastase

have been shown to promote tissue injury [53–55]. Previous reports have also demonstrated

that elastase is toxic to bacteria and worms [56–57]. We have shown here that elastase could

directly kill L. major promastigotes, through a yet uncharacterized mechanism that affects para-

site motility. Presence of human elastase inside parasites suggests that this enzyme may have

the potential to actively disrupt parasite homeostasis by targeting proteins in the cytoplasm. It

has already shown that elastase digest cytoskeleton filaments [58]. Furthermore, we propose

that low concentrations of elastase may allow intercellular host communication and are tolera-

ble by parasites, which allow them to resist the toxicity of NETs derived from B6 mice, whereas

high concentrations of the enzyme mounted by B/c extracellular response are potentially toxic

to the parasites. Yet, most of the promastigotes evaded elastase-mediated NET killing by expres-

sion of ISP2, which demonstrates the inadequacy of the extracellular response mounted by B/c

neutrophil to control infection, and is in line with the susceptible phenotype of this mice.

The “Trojan Horse” model proposes that infected neutrophils undergoing apoptosis shield

promastigotes and serve as carriers of parasites to mononuclear cells, mainly tissue resident

macrophages, the main cell of parasite replication [22,35]. Previous observations have con-

firmed that infected neutrophils sorted from ear dermis carried viable parasites that were able

to recover [37], while intravital imaging have shown evidence of efferocytosis of infected neu-

trophils [35]. Despite higher neutrophil phagocytosis in the B6 background, we recovered via-

ble intracellular promastigotes in neutrophils from both mice, suggesting ineffective

intracellular parasite killing. However, growing evidence in the literature points out that neu-

trophils are a heterogeneous population with distinct pools of cells that differ in phenotype

and function [38]. Hence, intrapopulation variability in the continuous influx of neutrophils

may still affect the fate of internalized parasites, allowing alternative outcomes that require fur-

ther studies. Microarray datasets of B/c and B6 naive mice evidenced significant differences
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among the expression profile of those strains. On one hand, it evidenced the upregulation of

myeloperoxidase in B/c naive mice in comparison to B6 [42], which has an important role in

NET formation as nuclear translocation of MPO is critical to promote chromatin decondensa-

tion prior to NET release [52]. On the other hand, Arhgap12, a member of the RhoGAP family

required for the process of phagocytic cup formation, showed differential expression in B6

mice [28,32]. Whether metabolic shifts in neutrophils from these mice during infection can

also affect neutrophil response to promastigotes remains to be elucidated. Metabolic repro-

gramming has been demonstrated in neutrophils during NET formation in response to amy-

loid fibers to fuel NADPH oxidase activity by shifting the cell metabolism towards the pentose

phosphate pathway [59]. Mitochondrial metabolic dysfunction also affects phagocytic capacity

of dendritic cells, corroborating that metabolic alterations may affect neutrophil microbicidal

response [60]. We observe a global enrichment of genes related to antigen processing and pre-

sentation on resistant mice skin transcriptome at steady-state, whereas B/c skin transcriptome

showed a metabolic shift towards ATP and NADHmetabolic processes. Those intrinsic

changes may contribute to shape neutrophil effector response in L. major-infected lesions,

which displayed upregulation of genes involved in necrosis and apoptosis in the lesions of B6,

whereas lesions of B/c skewed neutrophil response towards NET extrusion and pyroptosis. In

fact, prolonged inflammasome activation has been associated with IL-1β mediated pathology

in cutaneous leishmaniasis, suggesting that neutrophil microbicidal phenotype may also con-

tribute to drive tissue damage on susceptible background [61]. Of note, we cannot exclude the

influence of other extrinsic signals coming from outside of the immune system compartment

that add another layer of complexity in plasticity of neutrophil phenotypes. Moreover, despite

enrichment of these genes in granulocytes, we cannot rule out the quantitative contribution of

skin resident neutrophils versus other resident myeloid cells in the alterations we saw on skin

transcriptome in naïve skin.

The continuous influx of neutrophils reaching the inflammatory site encounters a distinct

set of immunomodulatory signals as the inflammatory reaction evolves, and along the distinct

zones within the tissue as well, which altogether may contribute in the polarization of distinct

neutrophil subpopulations [38]. We have observed, by scRNA-seq, three distinct subpopula-

tions of neutrophils during the chronic phase of L. major infection in B6 mice, which corrobo-

rates the existence of transcriptional plasticity among neutrophils. Furthermore, we identified

a subpopulation, N1, with a phagocytosis transcriptional signature on B6 mice, which rein-

forces that a specific transcriptional signature determines the type of microbicidal response in

these cells. Our inability to identify a specific microbicidal signature on the other subpopula-

tions might be due to the prevalence of N1 subpopulation on B6 mice and, secondly, to the

fact that we did not had access to B/c scRNA-seq, on which we should expect a shift in the dis-

tribution of these subpopulation. Despite this, the findings related to differential expression of

Hif1a in N2 require further investigation, as Hif1a expression is one of the few genes whose

activation has been directly associated with NET formation induced by LPS [34].

We obtained evidence of NET formation in vivo by intravital imaging at the infection site

of B/c mice following intradermal injection of metacyclic promastigotes, and differences in the

levels of histone citrullination in total skin tissue lysates from B/c and B6 validates dichotomy

in NET formation. Previous reports have shown that Lundep, a sandfly salivary gland endonu-

clease, may destroy NETs when co-injected with L. major [21]. Although this mechanism may

impact NET production at the site of the bite, it is improbable that Lundep would remain

active in the tissue after saliva dissipation and the continuous influx of neutrophil during acute

and chronic stages of inflammation. Indeed, NETs have been detected in lesions of patients

with cutaneous leishmaniasis [18,62]. Hence, NET formation during the prolonged neutrophil

infiltration would likely bypass the transient effect of Lundep.
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Spatial separation of NET producing neutrophils from infected cells suggests that cues pres-

ent in the tissue microenvironment that impregnate the extracellular matrix may create a

microenvironment that shapes polarization of neutrophils towards an intracellular (phagocy-

tosis), or an extracellular response (NET formation). Whether a fixed set of neutrophil subpop-

ulations circulating in the blood selectively respond to various chemotactic signals leading to

regional separation of subsets in the tissue remains to be addressed. The tumor microenviron-

ment is a well-studied milieu where neutrophils encounter signals that drive N2 polarization

[38]. Recent evidence has shown that human neutrophils can be polarized in vitro, and that N2

phenotype favors L. donovani replication [33]. Our results suggest that N2 polarization could

be related to NET formation, since this subset displayed increased levels of Hif1a. The relative

contribution of signals coming from promastigotes, sand-fly saliva, microbiota or the host

itself to drive neutrophil polarization in the context of Leishmania infection remains to be

elucidated.

Digestion of NETs through DNAse treatment resulted in a robust increase in the lymphatic

drainage of parasites to the ear lymph nodes of both mouse strains without affecting parasite

loads in the skin. Previous reports have shown the importance of NETs to contain Pseudomo-

nas aeruginosa brain invasion and S. aureus systemic dissemination [63,64]. The profile of

cytokines produced by dendritic cells is regulated by the density of antigens in the microenvi-

ronment during antigen presentation, which might be affected by the density of parasites that

reach the draining lymph nodes [65,66]. On the other hand, presence of parasites in the lymph

nodes may also have a suppressive effect on T cells since the high parasite load of L. donovani

in the bone marrow of VL patients correlated with an increase in the frequency of IL-10 and

FOXP3+ regulatory T cells [67]. Therefore, regulation of the parasites lymphatic drainage by

NETs could affect T cell differentiation and response. Hence, though increased tolerance to

disease in the B6 background upon DNAse I treatment requires further investigation, this phe-

nomenon could be potentially related to alterations in the adaptive response of these mice.

In conclusion, transcriptional variations found in neutrophils of resistant and susceptible

mice mirrors functional alterations in the effector response of neutrophil subpopulations.

NETs contribute to contain parasite drainage beyond the primary site of infection, which high-

lights the importance of this response of the host in the combat of infection through other

mechanisms than just direct parasite killing. Finally, plasticity on neutrophil effector response

indicates these cells may also possess characteristic response signatures that may have potential

implications for the establishment of infection, and affect subsequent immunological events in

the tissue. This could contribute to explain the immunological dichotomy in the immune

responses of these mice to L. major infection.

Materials andmethods

Ethics statement

Procedures and animal protocols were approved by the Committee for Animal Use of the Uni-

versidade Federal do Rio de Janeiro (CEUA-UFRJ) permit numbers 127/15 and IMPPG022.

Alternatively, some of the mice used in this work were used under a study protocol approved

by the National Institute of Allergy and Infectious Diseases—Animal Care and Use Committee

(protocol number LPD 68E). All aspects of their use were monitored for compliance with The

Animal Welfare Act, the PHS Policy, the U.S. Government Principles for the Utilization and

Care of Vertebrate Animals Used in Testing, Research, and Training, and the NIH Guide for

the Care and Use of Laboratory Animals.
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Mice

BALB/c (B/c) and C57BL/6 (B6) female mice (6–10 weeks) were obtained from the Núcleo de

Animais de Laboratório (Universidade Federal Fluminense, Rio de Janeiro, Brazil) or Taconic

Biosciences (Maryland, USA). All performed procedures were in strict accordance with the

Brazilian animal protection law (Lei Arouca number 11.794/08) of the National Council for

the Control of Animal Experimentation (CONCEA, Brazil). Tlr4-/- mouse lineage (in the

C57BL/6 genetic background) was obtained from Dr. S. Akira (Osaka University, Japan).

Tlr4-/- and C57BL/6 mice were maintained at the Laboratório de Animais Transgênicos (LAT

IBCCF, UFRJ, RJ, Brazil). All mice were kept under controlled temperature and light condi-

tions and allocated in Ventilife mini-isolators (Alesco, Brazil). gp91phox-/-mice were kindly

provided by Dr. Leda Quercia Vieira (Universidade Federal de Mi9nas Gerais, MG, Brazil)

and neutrophil elastase knockout mice by Dr. Ana Paula Lima.

Parasites

Leishmania major (MHOM/IL/80/Friedlin) and Leishmania amazonensis (WHOM/BR/75/

Josefa) promastigotes were maintained at 26˚C in Schneider’s Insect medium (Sigma) supple-

mented with 10% heat-inactivated fetal calf serum (FCS), 2% human urine and 40 μg/mL gen-

tamicin. Stationary-phase promastigotes were obtained from 5- to 6-day-old cultures and

washed two times with PBS and kept on ice till use. Metacyclic forms were purified using Ficoll

gradient [68]. Alternatively, Leishmania amazonensis was cultured under conditions of high

(HP) or low (LP) concentrations of phosphate (Pi) as described previously to modulate nucle-

ase activity [20]. Alternatively, Leishmania major ISP2/3 were grown in modified Eagle’s

medium (designated HOMEMmedium) supplemented with 10% heat-inactivated fetal calf

serum (FCS) at 25˚C and transfectants were generated as previously described [31].

Parasite labeling

Promastigotes were labeled with CellTrace CFSE Cell Proliferation kit (Invitrogen) according

to manufacturer’s instructions. Briefly, stationary-phase parasites were washed twice with PBS

and incubated with 1uM of CFSE in serum-free media at 35˚C, 5%CO2. After 30 min, cells

were kept on ice with 20% of FBS to remove unbound CFSE for 15 min. Cells were washed

twice with cold serum-free RPMI and kept on ice till use. Alternatively, purified metacyclic

promastigotes (107cells/mL) were stained with 2 μM of PKH26 in PBS at room temperature

with a gentle shake every minute. After 5 min, cells were kept on ice with 20% of FBS to

remove unbound dye for another 5 min. Cells were washed twice with cold PBS and kept on

ice protected from light before use.

Neutrophil isolation

Neutrophils were obtained from murine bone marrow as previously described [69]. Briefly,

total cells obtained from flushing femurs and tibias were separated on a discontinuous Percoll

gradient (58%, 65%, and 72% v.v.; GE Healthcare, Little Chalfont, UK), and neutrophils were

enriched between 65% and 72% solutions (74.5% ± 2.59% Ly6G+). Alternatively, peritoneal

cavity neutrophils were collected 4 h after i.p. inoculation of 1.5 mL of 90 mg/mL casein enzy-

matic hydrolysate (Sigma), and>85% Ly6G+ neutrophils were obtained. Additionally, 2x106

metacyclic promastigotes were inoculated in the peritoneal cavity and after 3 h, the inflamma-

tory infiltrate (percentage of Ly6G+ cells: 36.8±8.7; 42±7.8 for B/c and B6, respectively) was

collected as above. Additionally, highly purified neutrophils were obtained from bone marrow

total cells by negative selection with Neutrophil Isolation kit (Myltenyi Biotec).
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Tissue processing

106 purified metacyclics of L. major labeled with PKH26 were injected intradermally in a final

volume of 10 μL of PBS. After 3 h, mouse ears sheets were separated and cut in small pieces

and digested with 3 mg/mL collagenase type IV (Sigma-Aldrich) for 90min at 37˚C and 5%

CO2. Digested tissue pieces were further homogenized through a 70um cell strainer to obtain a

single cell suspension and washed with 1mL of ice-cold PBS.

NET quantification assay

Neutrophils (5 x 105 cells/ well) were either left untreated (Nil) or incubated with increasing

ratios of Leishmania sp. promastigotes (10 neutrophils: 1 parasite, 1:1, 1:5) for 2 or 4 h at 35˚C

and 5% CO2. Culture supernatants were collected and extracellular DNA and elastase activity

were measured using Quant-IT dsDNA Picogreen kit (Invitrogen, California, USA) and the

fluorogenic substrate N-Methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-methylcoumarin

(Sigma-Aldrich), respectively. Additionally, the kinetics of NET formation was measured

every 10 min with 5 μM Sytox Green (Invitrogen, California, USA). Fluorescence was detected

on a SpectraMax Paradigm microplate reader (Molecular Devices, California, USA). Data are

presented as arbitrary units (AU) or fold increase over control. Elastase/DNA ratio was calcu-

lated as Elastase activity (AU)/DNA (AU).

Fluorescence microscopy

Neutrophils (1 x 105 cells/well) were adhered onto poly-L-lysine coated coverslips and incu-

bated with Leishmania sp. promastigotes (1:5) at 35˚C and 5% CO2. After 4 h, cells were fixed

with 4% formaldehyde and slides were stained with DAPI (10 μg/mL, Sigma-Aldrich), Hoescht

33342 (1:10.000), anti-neutrophil elastase rabbit pAb (1:250) (Calbiochem, California, USA)

followed by anti-rabbit-Alexa488 (1:500; Invitrogen, California, USA) and anti-CD63-APC

(1:150; Biolegend), anti-MPO (1:100; 8F4, Hycult). Images were captured using a Zeiss Axio-

plan-2 microscope (Oberkochen, Germany) equipped with a Color View XS digital video cam-

era. Alternatively, for elastase binding assays to parasites, L. major WT, Δisp2/3, and Δisp2/3:

ISP2/3 promastigotes were incubated with 10 μg ml-1 recombinant human neutrophil elastase

or in medium alone for 2 h at 35˚C and 5% CO2. Parasites were then fixed in 1% formalde-

hyde, left to adhere to poly-L-lysine coated chamber slides (Lab-Tek), and further permeabi-

lized with 0.1% Triton X-100 followed by addition of 0.1 M glycine then blocked in 0.1% (v/v)

Triton X-100, 0.1% (w/v) BSA, in PBS for 18 h at 4˚C. Slides were stained with anti-neutrophil

elastase rabbit pAb (1:200) followed by goat anti-rabbit Alexa Fluor 488-conjugated antibody

(Invitrogen) (1:2000). Slides were mounted with ProLong Gold antifade (Invitrogen). Images

were obtained on Zeiss Cell Observer SD automated microscope integrated with Yokogawa

confocal spinning disk. Imaging processing and analysis were done in Image J or Imaris soft-

ware. To quantify subcellular distribution of MPO, cells were counted on FiJi and to create

surfaces for nucleus (DAPI signal) and MPO signal (stained in red) images were processed

with Surface colocalization extension on Imaris. MPO intensities in nucleus, cytosol, and colo-

calization of MPO with DNA were measured on Imaris. 3D reconstruction from compiled z-

stack images was done on Imaris.

Flow cytometry and cell sorting

Neutrophils (5 x 105 cells/ well) were either left untreated (Nil or -) or incubated with increas-

ing numbers of Leishmania sp. promastigotes (10 neutrophils per 1 parasite, 1:1, 1:5) for 2 or 4

h at 35˚C and 5% CO2. Neutrophils were identified by anti-Ly6G-APC or anti-Ly6G-FITC
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(Biolegends) and further analyzed by staining with anti-CD11b-PE Ab (Biolegends), anti-

CD63-APC (Biolegends) and analyzed on a MACSQuant flow cytometer (Miltenyi Biotec).

For cell sorting, infected RFP+ and uninfected RFP- inflammatory neutrophils

(CD11b+SSC-Ahigh) were purified using a BD FACSAria IIu Cell Sorter on cells recovered

from peritoneal lavage fluid 3h post-injection with casein hydrolyate i.p. and 2h after injection

with 2×106 L. major-RFP stationary phase promastigotes i.p. Sorted populations were kept on

ice and washed once in cold PBS and immediately ressuspended in modified Eagle’s medium

(designated HOMEMmedium) supplemented with 10% heat-inactivated fetal calf serum

(FCS) and 0,5% hemin and kept at 25˚C. After 48 hours, parasite loads were quantified by lim-

iting dilution and numbers were normalized based on the number of events obtained from the

cell sorter for each sample. All flow cytometry data were analyzed with FlowJo Software 10.0.8.

ROS generation measurement

Neutrophils (5 x 105 cells/ well) were labeled with 1 μM of the fluorogenic probe Dihydrorho-

damine 123 (Sigma-Aldrich) and incubated or not with Leishmania sp. promastigotes (1:1 or

1:5) for 15 min. PMA (100 nM) was used as a positive control. Fluorescence intensity was

monitored for 90 to 100 min every 5 min at 35˚C using a SpectraMax Paradigm microplate

reader.

NETs killing assay

Casein-elicited inflammatory neutrophils (6-7x106) were stimulated with formaldehyde-fixed

promastigotes (1:5) for 4 h and NETs-enriched supernatants were generated. NETs-enriched

supernatants (2–3 μg DNA), pre-treated or not with 100 U/mL DNAse (Promega) or 20 μg/

mL of elastase inhibitor II (Calbiochem) for 30 min were incubated overnight with promasti-

gotes (2 x 106) at 35˚C, 5% CO2. Motile promastigotes were counted in a Neubauer chamber

to assess their viability.

Elastase killing assay

L. major promastigotes were incubated with 2.5 or 5 μg/mL of purified native elastase from

human neutrophils (Sigma-Aldrich) for 2 h at 35˚C, 5% CO2. When indicated enzyme activity

was blocked by 30 min pre-treatment with 10 or 20 μg/mL of elastase inhibitor II or antibody

anti-elastase (1:100; 1:200). Parasite viability was assessed by flow cytometry using propidium

iodide staining (1μg/ml; Sigma-Aldrich) or parasite viability was measured by XTT assay

(Sigma-Aldrich) according to the manufacturer’s instructions.

Quantification of 3’-Nucleotidase activity

Promastigotes (1 × 107 cells/mL) were incubated for 1 h at 25˚C in a mixture containing 116

mMNaCl, 5.4 mM KCl, 5.5 mM glucose, 50 mMHEPES-Tris buffer (pH 7.0), and 3 mM 3’-

AMP as the substrate. The Pi content released was quantified by spectrophotometer at 650 nm

using the Fiske-Subbarow reactive mixture [70]. The concentration of Pi was determined by

using a Pi standard curve for comparison. The ecto-3’-nucleotidase activity was calculated by

subtracting the nonspecific 3’-AMP hydrolysis measured in the absence of cells [20].

Experimental models of cutaneous leishmaniasis

Mice were intradermally injected in the ear with 106 L. major metacyclic promastigotes diluted

in PBS or Pulmozyme (dornase α) in 15 μL final volume. After inoculation, PBS or Pulmozyme

(20 mg/kg, Roche) were administered i.v. 1h, 4 h, 24 h, and 7 days according to neutrophil
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influx peaks [15,16]. Lesion size was weekly measured and parasite load quantified after six

weeks in the ear and in draining lymph nodes by limiting dilution assay. Alternatively, B/c

mice were injected subcutaneously in the footpad with 106 HP or LP promastigotes of L. ama-

zonensis (WHOM/BR/75/Josefa). After 26 days, parasite loads were quantified in the site of

lesion and draining lymph nodes by limiting dilution.

Intravital imaging

Intravital imaging was performed as described previously with minor modifications [37]. Mice

were anesthetized with a subcutaneous injection of mixed ketamine and xylazine in sterile

saline (60 mg/kg and 15 mg/kg, respectively). Ears were shaved to minimize image interference

of hair follicles and anesthetized mice were then injected intradermally with a minimum vol-

ume (approx. 10 μL) of an RFP-expressing L. amazonensis suspension (107 parasites/mL in

PBS). One hour after parasite inoculation, mice were injected intravenously with 10 μL (2 μg)

of BV421-conjugated anti-Ly6G antibody (BD Biosciences). One hour after antibody injection

(2 h after parasite inoculation), mice were anesthetized as before and injected i.v. with 10 μL

(5 nM) of Sytox-green nucleic acid stain (Thermo Fisher Scientific). Mice were then immobi-

lized on a custom-made imaging platform, with the ventral side of the ears resting on a micro-

scope coverslip. Mice were immediately imaged using a Nikon Eclipse Ti with an A1R

confocal microscope. Images were acquired with the Nikon NIS Imaging software. Differences

between experimental conditions were compared by calculating the ratio of the area occupied

by DNA (excluding nuclei) associated with neutrophils (DNA ROI) to the area of the neutro-

phils (blue mask) in the image. To define the blue mask, BV421 channel was thresholded using

the Otsu method from the threshold plugin drop-down menu and a selection was made. To

define the DNA ROI, the green (image obtain from 488 channel) was thresholded within the

range of 500 to 2500 AUs, where the upper threshold was selected to eliminate the signal from

nuclei. A green mask was created from the threshold and a selection was made. Using the ROI

manager macro tool, the selections from the blue and green masks were added as ROIs. Next,

an ‘OR’ operation was performed on the blue and green masks to obtain an ROI where the two

masks overlap to produce the DNA ROI. Finally, the area (in pixels) of the DNA ROI and the

blue mask was quantified and a ratio was produced by dividing the area of the DNA ROI by

the area of the blue mask to estimate the production of NETs per neutrophil.

Western-blot

Mice were intradermally injected in the ear with 106 L. major metacyclic promastigotes diluted

in PBS in 15 μL final volume and compared to naive skin. Whole skin tissue lysates were

obtained and processed for western-blot as previously described [16]. Briefly, mouse ears were

processed in RIPA lysis buffer supplemented with Halt Protease Inhibitor Cocktail (Thermo-

Fisher) combined with mechanical dissociation with Medimachine System (BD). We quanti-

fied protein concentration from the soluble fraction that was collected and used for western-

blot analysis.

Data accession and microarray analysis

Quantile-normalized array data was retrieved at the Gene Expression Omnibus database

(accession number GSE56029) using GEOquery v2.58. The analysis followed the recommen-

dations for BeadArray analysis and used the illuminaMousev2.db for probe annotation. Probes

with no quality information or annotated as “Bad” were removed. The limma package v3.46

was used to identify differentially expressed probes between B/c naive and B6 naive conditions

and to calculate the adjusted p-value using the Benjamini-Hochberg method (“BH” or “FDR”).
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A threshold of adjusted p-value< 0.05 and log2 fold change> 1.5 was used to set differentially

expressed probes. A list of mice genes related to phagocytosis was obtained at the Gene Ontol-

ogy database (GO:0006909) in addition to a manually curated list of NETs and phagocytosis-

related genes (S1 Table). The Gene-set enrichment analysis (GSEA) was performed on Gene

Ontology annotations using a ranked file for all probes containing gene name and log2 fold

change as input for the cluster profile package v3.16.1. Multiple probes targeting the same

gene were aggregated using the mean of the probes. Significantly enriched pathways were

selected applying a threshold of FDR<0.05. Analysis was conducted in the R environment

version 4.0.3. The cluster profile package v3.16.1 was used to perform gene-set enrichment

analysis (GSEA) of gene ontologies considering B/c naive as reference. Probes mapping to the

same gene were aggregated using the median of log2 fold change value. The parameters used

in the GSEA analysis included a p-value cutoff of 0.001, minGSSize = 5, maxGSSize = 800, and

BHmethod to adjust p-value. Ontologies matching the keywords immune, MHC, cytokine,

chemokine, T cell, tumor necrosis factor, ATP metabolic, chromatin, leukocyte,Fc, glycolytic,

lactate, NADH, autophagy, phagocytosis, inflammatory, chemotaxis, neutrophil, or innate,

were kept.

Analysis of public single-cell transcriptomics of C57BL/6NCr mice

scRNASeq data were retrieved at GEO with the identifier number GSE181720. The standard

workflow from Seurat v4 was used to subset the cells annotated as neutrophils, normalize the

counts, scale data based on all genes, extract the principal components and run UniformMani-

fold Approximation and Projection (UMAP) for 2D projection of the cells. The neutrophil

clusters were identified by running Seurat functions FindNeighbors with default parameters

and FindClusters with a resolution of 0.4. The meta signature of phagocytosis-related genes

was obtained from the original list of 68 filtering for a minimum count of 10 in all neutrophil

cells to exclude lowly expressed genes. The search for differentially expressed genes between

N1 and N2 clusters was conducted using FindMarkers with a minimum percentage of at least

25% of cells expressing the tested genes. RNA expression was imputed using Adaptively-thre-

sholded Low Rank Approximation (ALRA) that deals with sparse matrices. Four tests available

within the Seurat package were used to evaluate the differential expression: Wilcoxon test

(Wilcox), Likelihood-ratio test for scRNASeq (bimod), Student’s t-test (t), and MAST.

Statistical analysis

Data were presented as mean±SEM values of at least 3 independent experiments and analyzed

by GraphPad Prism 7.0 software. Comparisons between groups were done by unpaired Stu-

dent’s t-tests or Mann-Whitney´s test. p<0.05 was considered significant.

Supporting information

S1 Fig. Basal levels of dsDNA. (A) Basal raw numbers of dsDNA of (5 x 105 cells/ well) of B/c

(bluecircles) or B6 (purple circles) mice. Results presented as arbitrary units (AU) are mean

±SEM of n = 6–24. Differences (*) between indicated bars were considered significant when

p<0.05. Basal NET-DNA concentrations (mean ± SEM): 509.5±170 ng/mL (BMN B/c 2h),

441.8±123.5 ng/mL (BMN B6 2h), 507.6±74.53 ng/mL (BMN B/c 4h), 273.8±31.47 ng/mL

(BMN B6 4h), 161.3±21.13 ng/mL (iNØ B/c 2h), 216.5±20.16 ng/mL (iNØ B6 2h), 281.1

±50.69 ng/mL (iNØ B/c 4h), and 288.9±41.1 ng/mL (iNØ B6 4h). (B) BMN (BMN; 5 x 105

cells/ well) of B/c (blue bars) or B6 (purple bars) mice were either left untreated (Nil) or

infected with increasing doses of L. major promastigotes (indicated MOI) for 2 or 4 h and we
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quantified (B) elastase activity represented as arbitrary units.

(PDF)

S2 Fig. NET release and inflammatory infiltrate elicited by Leishmania major in the perito-

neum. (A) NET-DNAmeasured from peritoneal lavage fluid 3 h after i.p. injection of 106 L.

major metacyclic promastigotes inoculation in B/c (white circles) or B6 (gray circles) mice. (B)

Percentage of Ly6G+ neutrophils from peritoneal lavage fluid. (C) Total number of neutrophils

recovered after i.p. parasite injection. Results are mean±SEM of n = 6–7. # p<0.05.

(PDF)

S3 Fig. Strain differences in NET formation are retained in highly purified neutrophils

from a secondary animal facility and using an alternative quantification method. To certify

the reproducibility of our data, we addressed NET formation in a secondary laboratory using a

different methodology and animals obtained from another source (Taconic Biosciences).

BMN obtained by negative selection with magnetic beads were stimulated with metacyclic pro-

mastigotes for 3 h, and extracellular dsDNA released in the supernatant was measured in a

Nanodrop at 260 nm. Results are mean±SEM of n = 5–6. *p<0.05.

(PDF)

S4 Fig. Production of NETs in response to Leishmania sp. is independent of TLR4 recogni-

tion. (A) BMN were stained with DAPI (blue) to reveal nucleus location and extracellular

DNA of B6 wild-type (WT) untreated neutrophil (Naïve), or WT and TLR4-/- treated with

PMA (100 nM) or with L. amazonensis (1:5) promastigotes. (B) BMN (5 x 105 cells/ well) of

wild-type (black bars), or TLR4-/-mice (yellow bars) were either left untreated (-) or incubated

with increasing ratios of L. major promastigotes (1:1, 1:5) or L. amazonensis (La; 1:5) and NET

generation quantified as extracellular dsDNA after 4 h. Results are mean±SEM of n = 2–3.

(PDF)

S5 Fig. Human elastase penetrates the promastigote cell membrane. L. major WT (A, D),

Δisp2/3 (B, E), and Δisp2/3: ISP2/3 (C, F) promastigotes were incubated with 10 μg ml-1

recombinant human neutrophil elastase (left panel) or in medium alone (right panel) for 2 h at

35˚C and 5% CO2. Parasites were then fixed in 1% formaldehyde and left to adhere to poly-L-

lysine coated slides. Parasites were permeabilized and stained with rabbit anti-neutrophil elas-

tase pAb (1:200) followed by goat anti-rabbit Alexa Fluor 488-conjugated antibody (1:2000;

Invitrogen). Slides were mounted with ProLong Gold antifade (Invitrogen). Images were

obtained on a fluorescence microscope. Scale bar: 10 μm.

(PDF)

S6 Fig. Knockout of ISP2/3 in L.major diminishes neutrophil phagocytosis. BMN (5 x 105

cells/well) from B/c (white bars), B6 (black bars), and ELAKO (hatched bars) mice were incu-

bated with CFSE-labeled L. major WT, Δisp2/3, and Δisp2/3: ISP2/3 promastigotes (1:5) for 4

h. Neutrophils were identified by anti-Ly6G-APC-Cy7 and further analyzed by staining with

anti-CD11b-PE. Results show the percentage of CFSE+ neutrophils (CD11b+Ly6G+) are mean

±SEM of n = 3 from 3 independent experiments. **p<0.01 and *** p<0.001.

(PDF)

S7 Fig. MPO is associated with NET-DNA scaffold in neutrophils stimulated with para-

sites. iNØs (1 × 105 cells) from B/c (A-C) and B6 (D-F) were incubated with L. major pro-

mastigotes (5 × 105) for 4h at 35˚C with 5% CO2 and fixed with 4% formaldehyde. Slides

were stained with rabbit-polyclonal anti-MPO (Red; 1:50; Abcam) followed by goat-anti-

rabbit-Alexa 546 (1:800; Molecular Probes) and mounted with ProLong Gold antifade

reagent with DAPI (Blue; Thermo Fisher). White arrows point to MPO associated to NET
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fibers. Images were taken in a Leica DMI 6000 microscope. (C, F) Overlays.

(PDF)

S8 Fig. Subcellular distribution of myeloperoxidase (MPO). BMN were stimulated or not

with PMA/Ionomycin (80 nM/ 1.3 μM) at the indicated time points, e.g., 15-B (15 min, B/c

neutrophils) or 15-C (15 min, B6 neutrophils). The intensity of anti-MPO Ab was analyzed in

(A) cytosol or (B) nuclear fraction. Each circle represents one cell. UT = untreated neutrophils;

BALB/c (B–white columns); C57BL6 (C- gray columns.) (C) dsDNA released by neutrophils

from BALB/c (white columns) or C57BL/6 (gray columns) measured in a Nanodrop for the

same time period as A, B. Results are mean±SEM of n = 4–6. *p<0.05. Compilation of 4–6

independent experiments.

(PDF)

S9 Fig. Gene set enrichment analysis was performed on all probes using Gene Ontology

annotations through the cluster Profiler. A ranked file containing gene names and log2 fold

change values respective of all probes was used as input. (A) Multiple probes targeting the

same gene were aggregated using the median of the probes. The significant pathways were

selected based on an FDR< 0.001, white bars indicate ontologies enriched in the B/c naive in

comparison with gray bars representing ontologies enriched in the B6 naive. (B) Gene set

enrichment analysis as shown in (A) evidencing the number of genes matching the ontology

(count) and the ratio of those genes considering all the genes in the ontology relative to B/c

naïve samples. Activated ontologies indicate enrichment in the B/c naïve, whilst suppressed

represent ontologies enriched in the B6 naive.

(PDF)

S10 Fig. Frequency and relative number of intralesional neutrophil infiltration 4 weeks

post-infection. BALB/c and C57BL/6 mice were infected with 106 L. major stationary phase

promastigotes i.d. and we evaluated the frequency of intralesional CD11b+Ly6G+ neutrophilic

infiltrate (A) and (B) relative numbers of CD11b+Ly6G+ cells in mouse ears 4wks p.i. Results

are mean±SEM of n = 4–5. Differences (*) were considered significant when p<0.05.

(PDF)

S11 Fig. The transcriptional signature of neutrophil subpopulations regulates microbicidal

response pathways. Neutrophil subsets (A) Top 10 marker genes of neutrophil subtypes iden-

tified with FindAllMarkers from Seurat v4. Genes that are more expressed are represented in

yellow, and genes that are less expressed are represented in purple. Rows represent the top

marker genes, and columns represent the expression of the cells from each neutrophil subtype.

(B-C) Genes differentially expressed between N1 and N2 subtypes were identified using four

statistical tests to increase the reliability and diminish limitations of differential expression in

scRNASeq data. Results of those tests are shown for (B) phagocytosis-related genes and (C)

NET release-related genes. Genes belonging to the signature below the threshold for differen-

tial expression were omitted. The axis depicts the average log2 fold change and the adjusted p-

value identified by the tests. Genes are represented by colors, and the statistical tests are repre-

sented by different shapes, as shown in the legends.

(PDF)

S12 Fig. Digestion and purification of Ly6G Fab fragments. Ly6G antibodies were cleaved

with papain using Pierce Fab fragmentation kit following instructions provided by the manu-

facturer. (A) Fab fragments were purified using protein G agarose beads and a single 50 kDa

band was obtained. (B) Purified Ly6G Fab was labeled with Alexa Fluor 647 and showed dose-

dependent binding to splenocytes. (C) The specificity of Fab fragments was attested by the
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strong correlation with cells targeted by the whole IgG Ly6G antibody. Results are representa-

tive of 2 independent experiments.

(PDF)

S13 Fig. Neutrophils form NETs within swarms at the early stages of Leishmania amazo-

nensis infection.Mice were inoculated with CSFE-L. amazonensis (red) to achieve a small focal

infection in the ear pinnae. BV421-conjugated anti-Ly6G antibody [blue] was i.v. injected 1 h

later. Two hours after parasite inoculation, mice were anesthetized, injected with Sytox green i.

v. and immediately imaged on a confocal microscope under 20X magnification. Time-lapse

movies were created from sequential images taken every minute for 45 minutes. (A, B) Repre-

sentative images from B6 (A) and BALB/c (B) mice, bottom panels are representative snapshots

of two independent experiments. (C) Quantification of the Ly6G+ to Sytox+ area ratio for B6

and BALB/c mice was done at 15, 30, and 60 minutes. Results are mean±SEM of n = 3.

(PDF)

S14 Fig. Ecto-3’-nucleotidase mediated NETs evasion promotes parasite invasion in vivo.

Leishmania infantum 3’-nucleotidase activity was measured by 3’AMP hydrolysis as described

on Material and Methods. LP parasites, as expected, showed greater 3’-nucleotidase activity

than HP parasites (A). B/c mice were injected subcutaneously in the footpad with HP or LP

parasites. After 26 days, parasite counts in the site of lesion (B) and draining lymph nodes (C)

were analyzed by limiting dilution. Results are mean±SEM of n = 3.

(PNG)

S1 Video. Tridimensional reconstruction of intranuclear MPO in neutrophils activated

with PMA and ionomycin.

(MP4)

S2 Video. IVM showing swarming of neutrophils at the site of L. amazonensis-CSFE inocu-

lation in the dermis.

(MP4)

S3 Video. IVM showing swarming of neutrophils and netosis at the site of L. amazonensis-

RFP inoculation in the dermis.

(MP4)

S1 Table. A manually curated list of genes related to NET release (51 genes) or phagocyto-

sis (65 genes) was obtained from established literature and used to select probes from the

differential expression analysis.

(PDF)
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phils reveals modulatory capacity. Braz J Med Biol Res. 2015; 48: 665–675. https://doi.org/10.1590/
1414-431X20154524 PMID: 26108096.

11. Dey R, Joshi AB, Oliveira F, Pereira L, Guimarães-Costa AB, Serafim TD, et al. Gut Microbes Egested
during bites of Infected Sand Flies Augment Severity of Leishmaniasis via Inflammasome-Derived IL-
1β. Cell Host Microbe. 2018; 23: 134–143.e6. https://doi.org/10.1016/j.chom.2017.12.002 PMID:
29290574.

12. Dias BT, Dias-Teixeira KL, Godinho JP, Faria MS, Calegari-Silva T, Mukhtar MM, et al. Neutrophil elas-
tase promotes Leishmania donovani infection via interferon-β. FASEB J. 2019; 33: 10794–10807.
https://doi.org/10.1096/fj.201900524R PMID: 31284755.

13. Ribeiro-Gomes FL, Moniz-de-Souza MCA, Alexandre-Moreira MS, DiasWB, Lopes MF, Nunes MP,
et al. Neutrophils activate macrophages for intracellular killing of Leishmania major through recruitment
of TLR4 by neutrophil elastase. J Immunol. 2007; 179: 3988–3994. https://doi.org/10.4049/jimmunol.
179.6.3988 PMID: 17785837.

14. Ribeiro-Gomes FL, Otero AC, Gomes NA, Moniz-De-SouzaMCA, Cysne-Finkelstein L, Arnholdt AC,
et al. Macrophage interactions with neutrophils regulate Leishmania major infection. J Immunol. 2004;
172: 4454–4462. https://doi.org/10.4049/jimmunol.172.7.4454 PMID: 15034061.

15. Ribeiro-Gomes FL, Peters NC, Debrabant A, Sacks DL. Efficient capture of infected neutrophils by den-
dritic cells in the skin inhibits the early anti-Leishmania response. PLoS Pathog. 2012; 8: e1002536.
https://doi.org/10.1371/journal.ppat.1002536 PMID: 22359507.

16. DeSouza-Vieira T, Iniguez E, Serafim TD, de CastroW, Karmakar S, Disotuar MM, et al. HemeOxyge-
nase-1 Induction by Blood-Feeding Arthropods Controls Skin Inflammation and Promotes Disease Tol-
erance. Cell Rep. 2020; 33: 108317. https://doi.org/10.1016/j.celrep.2020.108317 PMID: 33113362.

17. Boeltz S, Amini P, Anders HJ et al. To NET or not to NET:current opinions and state of the science
regarding the formation of neutrophil extracellular traps. Cell Death Differ 2019; 26, 395–408. https://
doi.org/10.1038/s41418-018-0261-x PMID: 30622307.

18. Guimarães-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado FN, Conceição-Silva F, Sar-
aiva EM. Leishmania amazonensis promastigotes induce and are killed by neutrophil extracellular
traps. Proc Natl Acad Sci U S A. 2009; 106:6748–53. https://doi.org/10.1073/pnas.0900226106 PMID:
19346483.

19. Gabriel C, McMasterWR, Girard D, Descoteaux A. Leishmania donovani promastigotes evade the anti-
microbial activity of neutrophil extracellular traps. J Immunol. 2010; 185: 4319–4327. https://doi.org/10.
4049/jimmunol.1000893 PMID: 20826753.

20. Guimarães-Costa AB, DeSouza-Vieira TS, Paletta-Silva R, Freitas-Mesquita AL, Meyer-Fernandes JR,
Saraiva EM. 3’-nucleotidase/nuclease activity allows Leishmania parasites to escape killing by neutro-
phil extracellular traps. Infect Immun. 2014; 82: 1732–1740. https://doi.org/10.1128/IAI.01232-13
PMID: 24516114.

21. Chagas AC, Oliveira F, Debrabant A, Valenzuela JG, Ribeiro JMC, Calvo E. Lundep, a sand fly salivary
endonuclease increases Leishmania parasite survival in neutrophils and inhibits XIIa contact activation
in human plasma. PLoS Pathog. 2014; 10: e1003923. https://doi.org/10.1371/journal.ppat.1003923
PMID: 24516388.

22. Laskay T, van Zandbergen G, SolbachW. Neutrophil granulocytes-Trojan horses for Leishmania major
and other intracellular microbes? Trends Microbiol. 2003; 11: 210–214. https://doi.org/10.1016/s0966-
842x(03)00075-1 PMID: 12781523.

23. van Zandbergen G, Klinger M, Mueller A, Dannenberg S, Gebert A, SolbachW, et al. Cutting edge: neu-
trophil granulocyte serves as a vector for Leishmania entry into macrophages. J Immunol. 2004; 173:
6521–6525. https://doi.org/10.4049/jimmunol.173.11.6521 PMID: 15557140.

24. Regli IB, Passelli K, Hurrell BP, Tacchini-Cottier F. Survival Mechanisms Used by Some Leishmania
Species to Escape Neutrophil Killing. Front Immunol. 2017; 8:1558. https://doi.org/10.3389/fimmu.
2017.01558 PMID: 29250059

PLOS PATHOGENS Neutrophil effector response and Leishmania infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012592 October 8, 2024 30 / 33

https://doi.org/10.3389/fimmu.2019.02155
https://doi.org/10.3389/fimmu.2019.02155
http://www.ncbi.nlm.nih.gov/pubmed/31616408
https://doi.org/10.1097/SHK.0b013e3181e37ea8
http://www.ncbi.nlm.nih.gov/pubmed/20823697
https://doi.org/10.1073/pnas.1908576116
http://www.ncbi.nlm.nih.gov/pubmed/31754025
https://doi.org/10.1590/1414-431X20154524
https://doi.org/10.1590/1414-431X20154524
http://www.ncbi.nlm.nih.gov/pubmed/26108096
https://doi.org/10.1016/j.chom.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29290574
https://doi.org/10.1096/fj.201900524R
http://www.ncbi.nlm.nih.gov/pubmed/31284755
https://doi.org/10.4049/jimmunol.179.6.3988
https://doi.org/10.4049/jimmunol.179.6.3988
http://www.ncbi.nlm.nih.gov/pubmed/17785837
https://doi.org/10.4049/jimmunol.172.7.4454
http://www.ncbi.nlm.nih.gov/pubmed/15034061
https://doi.org/10.1371/journal.ppat.1002536
http://www.ncbi.nlm.nih.gov/pubmed/22359507
https://doi.org/10.1016/j.celrep.2020.108317
http://www.ncbi.nlm.nih.gov/pubmed/33113362
https://doi.org/10.1038/s41418-018-0261-x
https://doi.org/10.1038/s41418-018-0261-x
http://www.ncbi.nlm.nih.gov/pubmed/30622307
https://doi.org/10.1073/pnas.0900226106
http://www.ncbi.nlm.nih.gov/pubmed/19346483
https://doi.org/10.4049/jimmunol.1000893
https://doi.org/10.4049/jimmunol.1000893
http://www.ncbi.nlm.nih.gov/pubmed/20826753
https://doi.org/10.1128/IAI.01232-13
http://www.ncbi.nlm.nih.gov/pubmed/24516114
https://doi.org/10.1371/journal.ppat.1003923
http://www.ncbi.nlm.nih.gov/pubmed/24516388
https://doi.org/10.1016/s0966-842x%2803%2900075-1
https://doi.org/10.1016/s0966-842x%2803%2900075-1
http://www.ncbi.nlm.nih.gov/pubmed/12781523
https://doi.org/10.4049/jimmunol.173.11.6521
http://www.ncbi.nlm.nih.gov/pubmed/15557140
https://doi.org/10.3389/fimmu.2017.01558
https://doi.org/10.3389/fimmu.2017.01558
http://www.ncbi.nlm.nih.gov/pubmed/29250059
https://doi.org/10.1371/journal.ppat.1012592


25. Carlsen ED, Jie Z, Liang Y, Henard CA, Hay C, Sun J, et al. Interactions between Neutrophils and Leish-
mania braziliensis Amastigotes Facilitate Cell Activation and Parasite Clearance. J Innate Immun.
2015; 7: 354–363. https://doi.org/10.1159/000373923 PMID: 25766649

26. Manfredi AA, Ramirez GA, Rovere-Querini P, Maugeri N. The Neutrophil’s Choice: Phagocytose vs
Make Neutrophil Extracellular Traps. Front Immunol. 2018; 9: 288. https://doi.org/10.3389/fimmu.2018.
00288 PMID: 29515586.

27. Branzk N, Lubojemska A, Hardison SE, et al. Neutrophils sense microbe size and selectively release
neutrophil extracellular traps in response to large pathogens. Nat Immunol. 2014; 15:1017–1025.
https://doi.org/10.1038/ni.2987 PMID: 25217981.

28. SchlamD, Bagshaw RD, Freeman SA, Collins RF, Pawson T, Fairn GD, et al. Phosphoinositide 3-
kinase enables phagocytosis of large particles by terminating actin assembly through Rac/Cdc42
GTPase-activating proteins. Nat Commun. 2015; 6: 8623. https://doi.org/10.1038/ncomms9623 PMID:
26465210

29. Gurung P, Kanneganti TD. Innate Immunity Against Leishmania Infections. Cell Microbiol (2015) 17
(9):1286–94. https://doi.org/10.1111/cmi.12484 PMID: 26249747

30. Paranaiba LF, Soares RP, Ribeiro-Dias F. Lipophosphoglycan FromDermotropic NewWorld Leish-
mania Upregulates Interleukin-32 and Proinflammatory Cytokines Through TLR4 and NOD2 Recep-
tors. Front Cell Infect Microbiol. 2022 Mar 23; 12:805720. https://doi.org/10.3389/fcimb.2022.805720
PMID: 35402314

31. Faria MS, Reis FCG, Azevedo-Pereira RL, Morrison LS, Mottram JC, Lima APCA. Leishmania inhibitor
of serine peptidase 2 prevents TLR4 activation by neutrophil elastase promoting parasite survival in
murine macrophages. J Immunol. 2011; 186: 411–422. https://doi.org/10.4049/jimmunol.1002175
PMID: 21098233.

32. Bae D-J, Seo J, Kim S-Y, Park S-Y, Do Yoo J, Pyo J-H, et al. ArhGAP12 plays dual roles in Stabilin-2
mediated efferocytosis: Regulates Rac1 basal activity and spatiotemporally turns off the Rac1 to
orchestrate phagosomematuration. Biochim Biophys Acta Mol Cell Res. 2019; 1866: 1595–1607.
https://doi.org/10.1016/j.bbamcr.2019.07.003 PMID: 31301364.
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