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A B S T R A C T   

Neutrophils are important cells in protection against microbial infections including visceral leishmaniasis (VL). It 
is well known that IL-32γ increases the protective T helper 17 cell mediated immune response against Leishmania 
infantum. Thus, in this study we evaluated whether IL-32 γ can increase the protective role of neutrophils against 
VL. In comparison with wild type (WT) mice, transgenic mice for human IL-32 γ (IL-32 γ Tg) presented a higher 
frequency and absolute number of neutrophils in both spleen and liver after the establishment of L. infantum 
infection. The IL-32 concentrations correlated with neutrophil numbers in the infected tissues. The IL-32 γ 
-induced recruitment of neutrophils was dependent on IL-17, since inhibition of Th17 T cells generation and IL- 
17 production with digoxin treatment reversed the effects of IL-32 γ. In murine neutrophils, the presence of IL-32 
γ enhanced the phagocytosis of L. infantum via CR3. In addition, murine IL-32 γ Tg neutrophils were able to kill 
L. infantum due to the increased production of ROS when compared with WT neutrophils. In fact, IL-32 γ Tg mice 
lost their ability to control infection by L. infantum when neutrophils were depleted. In parallel, treatment of 
human neutrophils with recombinant IL-32 γ increased phagocytosis and ROS-dependent killing of L. infantum, 
similarly to murine IL-32 γ Tg neutrophils. The data show that IL-32 γ induces neutrophil recruitment to organs 
affected by VL and increases phagocytosis and killing of L. infantum by neutrophils. Together, data indicate the 
pivotal axis IL-32 γ -Th17-neutrophils to control VL.   

1. Introduction 

Visceral leishmaniasis (VL) is an infectious-parasitic disease, caused 
by Leishmania infantum in South America, South Europe, Africa and Asia, 
and Leishmania donovani in Asia and Africa. These parasites are trans
mitted by bites of infected phlebotomine sandflies of the genus Lutzo
myia or Phlebotomus. L. infantum and L. donovani spread to spleen, liver 
and bone marrow, causing hepatosplenomegaly, fever, anemia, weight 
loss, and can be fatal if left untreated. There are an estimated 400,000 
new cases and 50,000 deaths by VL annually worldwide [1-3]. 

Macrophages are the main host cells for Leishmania spp. In general, 
the Th1 immune response is protective in experimental and human 
leishmaniasis due to the ability of IFN- γ in activating macrophages to 
increase microbicidal molecules, such as nitric oxide (NO) and reactive 
oxygen species (ROS) [4-7]. In addition, neutrophils play a fundamental 
role in the immune response during leishmaniasis [8-11]. Apoptotic- 
infected neutrophils can act as a “trojan horse”, being phagocytosed 

by macrophages, which favors the parasite persistence [8,12]. However, 
neutrophils are able to phagocyte and kill Leishmania by producing 
microbicidal molecules as ROS and by extracellular neutrophil traps 
(NETs) [13-19]. Moreover, neutrophils secrete cytokines and chemo
kines that recruit and/or activate other immune cells during VL [20-23]. 

Neutropenia appears to be a risk factor for mortality in VL [23,24] 
and anti-neutrophil treatment increases severity of L. infantum and 
L. donovani infection in experimental murine models [11,25-28]. 
Neutrophil recruitment to spleen and liver seems to be mediated by IL- 
17, mainly produced by Th17 cells after the infection [22,28-30]. In 
general, wild type (WT) C57BL/6 mice infected with L. infantum present 
low production of IL-17 [29]. However, we have demonstrated that 
human IL-32 γ (IL-32 γ increases the Th17 response and IL-17 produc
tion in L. infantum-infected C57BL/6 mice [31]. 

IL-32 is a cytokine with nine different isoforms among which IL-32 γ 
is the most pro-inflammatory. IL-32 γ induces the production of other 
pro-inflammatory cytokines such as TNFα, IL-6 and IL-1β in innate 
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immunity, whereas contributing to polarize the acquired immune 
response toward a mixed Th1/Th17 profile [32-34]. Although there is 
no human homologous gene of IL-32 in rodents, murine cells respond to 
this cytokine [34,35]. The presence of human IL-32 γ in mice (IL-32 γ 
-transgenic mice, IL-32 γ Tg) is protective in murine VL due to the in
duction of Th1/IFN- γ and Th17/IL-17 immune response and, conse
quently, the induction of NO production in vivo [31]. Since IL-32 γ 
induces the production of IL-17 [31,36] and IL-17 is known to induce the 
influx of protective neutrophils during the established experimental VL 
[22,29], we hypothesized that the presence of IL-32 γ in mice may in
crease the protective role of neutrophils during this disease. 

In this study, we investigated the role of IL-32 γ in the recruitment of 
neutrophils into organs affected by L. infantum infection in an IL-32 γ Tg 
mouse model. Furthermore, we evaluated the role of this cytokine in the 
ability of phagocytosis and killing of L. infantum by murine and human 
neutrophils. 

2. Methods 

2.1. Ethics statement 

All animal procedures were followed in accordance with the guide
lines and legislation on ethics of the Brazilian Society of Science in 
Laboratory Animals (SBCAL) and National Council of Control of Animal 
Experimentation (CONCEA) and approved by the Ethics Committee in 
the Use of Animals/CEUA-PRPI-UFG (protocol no. 042/16). The human 
study was approved by Ethics Committee of the Hospital das Clínicas/ 
Universidade Federal de Goiás (protocol 44.033.514.0.0000.5078). 
Healthy control subjects who accepted the invitation to participate in 
the research signed the informed consent form. 

2.2. Mice 

C57BL/6 mice IL-32 γ Tg were generated as previously described 
[37]. IL-32 γ Tg and wild-type C57BL/6 (WT) were maintained at the 
animal facility of Instituto de Patologia Tropical e Saúde Pública/Fed
eral University of Goiás, Brazil, with water and food ad libidum. Six to 
eight-week-old mice were used in the experiments. 

2.3. Parasites 

L. (L.) infantum (MHOM/BR/74/PP/75) promastigotes were 
cultured in Grace’s Insect Medium (Gibco-Life Technologies) supple
mented with heat-inactivated 20% Fetal Calf Serum (FCS, Gibco-Life 
Technologies), 0.2 mM L-glutamine (Sigma-Aldrich) and 100 U/mL of 
penicillin/streptomycin (Sigma-Aldrich) at 26 ◦C. Stationary phase 
promastigotes (5th day of culture) were washed three times with sterile 
phosphate-buffered saline (PBS), pH 7.4 (1000 g, 10 min, 10 ◦C), sus
pended in PBS and quantified in hemocytometer. 

2.4. In vivo infection and analysis of neutrophil recruitment 

IL-32 γ Tg and WT mice were infected intraperitoneally with 107 

stationary phase promastigotes of L. infantum. After 1, 7, 14 or 28 days of 
infection, mice were euthanized and the spleen and liver were collected 
to assess parasite burden by limiting dilution technique, as previously 
described [38], and neutrophil recruitment. Uninfected mice were used 
as control (day 0). To evaluate the neutrophil infiltration, spleen and 
liver fragments were harvested, weighed and macerated to obtain 
single-cell suspensions in 0.5 mL of PBS/10% FCS. The cells were stained 
with antibody Alexa Fluor® 594 anti-mouse Ly6G (clone 1A8) and PE 
anti-mouse CD11b (clone M1/70) or isotype controls (all from eBio
science) for 20 min, at room temperature. The cells were washed with 
PBS and fixed with 1% paraformaldehyde (Sigma-Aldrich). The neu
trophils (CD11b+Ly6G+ cells) were quantified in a BD Accuri C6 flow 
cytometer (BD Bioscience), and the data were analyzed using FSC v.4 

software (DNS). In some experiments, neutrophils were depleted by 
intraperitoneal injections of RB6-8C5 monoclonal antibody (200 µg) one 
day before infection, on the day of infection, and every 3 days after 
infection [39]. Mouse IgG was used as control. Neutrophil depletion was 
confirmed by quantifying CD11b+Ly6G+ cells in both spleen and liver as 
described above. 

2.5. Quantification of cytokines and in vivo suppression of IL-17 

To measure IL-17A and IL-32 concentrations in organs, spleen and 
liver were harvested, weighed, and macerated in 0.5 mL of PBS/0.1% 
Triton X-100 (Sigma-Aldrich) with protease inhibitor cocktail (Sigma- 
Aldrich). Murine IL-17A (BD Biosciences) and human IL-32 (R&D Sys
tems) was evaluated by enzyme-linked immunosorbent assay (ELISA) 
kits, according to manufacturer’s instructions. The results were 
expressed as picogram of IL-32/mg of tissue. Th17 and IL-17A produc
tion was suppressed in vivo by intraperitoneal injection of digoxin (40 
µg) every 2 days after infection [40,41]. 

2.6. Mouse neutrophil isolation 

Peritoneal neutrophils were obtained by intraperitoneal injection of 
10% thioglycolate (Sigma-Aldrich) as previously described [42]. After 
18 h, cells were collected by washing the mouse peritoneum with cold 
PBS and left to adhere for 2 h on plastic plates (Corning-Costar). Non- 
adherent cells were collected and neutrophils quantified by flow 
cytometry, as described above. Neutrophil suspensions of purity >85% 
were used. Neutrophils (1×106 cells/mL) were cultured in RPMI 1640 
medium (Sigma-Aldrich) supplemented with 10% FCS (Gibco, Life 
Technologies), 2 mM L-glutamine, 11 mM sodium bicarbonate, 100 U/ 
mL penicillin, and 100 μg/mL streptomycin (Sigma-Aldrich). 

2.7. L. infantum uptake and control by murine neutrophils 

L. infantum promastigotes were stained with carboxyfluorescein 
succinimidyl ester (CFSE; Sigma-Aldrich), as described before [43]. 
After 0.5, 1 and 2 h of infection (MOI 5:1), at 36 ◦C, the infectivity in 
neutrophils was evaluated in flow cytometry (described above). Fre
quency of CFSE+ cells and mean fluorescence intensity (MFI) were 
evaluated in a BD Accuri C6 flow cytometer (BD Bioscience). To assess 
intracellular load of L. infantum, neutrophils were infected for 2 h, at 
36 ◦C/5% CO2, cells were centrifuged at low rotation (200 g/10 min/ 
4 ◦C) to remove non-internalized parasites and supernatant containing 
non-internalized promastigotes was discarded. Infected neutrophils 
were incubated for an additional 20 h. The neutrophil culture medium 
was replaced, after 2 h or 20 h, by Grace’s Insect Medium supplemented 
as described above. The cell cultures were incubated for 48 h, at 26 ◦C, in 
an anaerobic environment, for neutrophils destruction and mainte
nance/transformation of parasites into flagellated promastigote forms. 
Viable promastigotes were quantified in hemocytometer after dilution in 
PBS-0.1% formaldehyde. Alternatively, in some experiments, comple
ment receptor 3 (CR3) was blocked by monoclonal antibody anti-CD11b 
(M1/70 clone) [44] and ROS production was inhibited by addition of 
apocynin (10− 4 M; Sigma-Aldrich) 30 min before infection, and 
replenished after washings (2 h). 

We evaluated the viability of murine neutrophils up to 20 h of in
cubation by MTT assay [45]. WT neutrophils had an average of 78.12% 
(±6.21) and IL-32 γ Tg neutrophils had an average of 81.41% (±6.32) 
viability compared to the beginning of the incubation. 

2.8. Assessment of neutrophil activities 

TNF-α was quantified in the supernatant of neutrophil cultures by 
ELISA kit (BD Bioscience). Myeloperoxidase (MPO) activity was evalu
ated by adding tetramethylbenzidine (Sigma-Aldrich) in culture super
natant and measuring optical density values at 450 nm [46]. ROS 
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production was evaluated by 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCFDA; Invitrogen), according to the manufacturer’s instructions, 
and analyzed in a flow cytometer. 

2.9. Human neutrophil infection and treatment with IL-32 γ 

Polymorphonuclear cells (PMN) from six healthy donors were iso
lated based on density gradient centrifugation using Ficoll-Paque (GE 
Healthcare) as previously described [47] and the purity of PMN (˃90%) 
was evaluated by morphological analysis after Giemsa (Merck) staining. 
PMN cells (1×106 cells/mL) were treated with 200 ng/mL recombinant 
human IL-32 γ (rhIL-32 γ; R&D System) for 1 h and incubated with 
L. infantum promastigotes (MOI 5:1) for 2 h or 20 h, as described above 
in “L. infantum uptake and control by murine neutrophils” section of 
methods. These experiments were performed in the presence of poly
myxin B (5 µg/mL; Sigma-Aldrich) to discard any effect of lipopolysac
charide contamination in rhIL-32 γ batch. L. infantum uptake and control 
and ROS production were evaluated as described above. 

2.10. Statistical analysis 

Data were expressed as means ± standard errors of the mean (SEM). 
Student’s t test and one-way or two-way analysis of variance (ANOVA) 
with Bonferroni’s posttest were used. The median, individual values and 
the Mann-Whitney U test (unpaired) or Wilcoxon signed-ranks test 
(paired) were used for nonparametric data. GraphPad Prism v.6 soft
ware (San Diego, CA, USA) was used. Level of statistical significance was 
established at p < 0.05. 

3. Results 

3.1. IL-32γ induces neutrophil recruitment during experimental visceral 
leishmaniasis in an IL-17-dependent manner 

Since IL-32γ favors a Th17 immune profile [31] and IL-17 is able to 
enhance neutrophil recruitment during VL [29,30], it was assessed the 
number of neutrophils (CD11b+Ly6G+ cells) in the spleen and liver from 

L. infantum-infected IL-32γTg or WT mice (Supplementary Fig. S1). IL- 
32γTg mice presented a higher percentage of neutrophils from the 7th 
until 28th day post infection with L. infantum compared with WT mice, 
in both spleen (Fig. 1A) and liver (Fig. 1C). Indeed, the absolute number 
of neutrophils in spleen (Fig. 1B) and liver (Fig. 1D) were also signifi
cantly increased in IL-32 γ Tg mice. Corroborating with the hypothesis 
that IL-32 γ can contribute to neutrophil recruitment, IL-32 levels in the 
spleen and liver of infected IL-32 γ Tg mice were correlated with the 
number of neutrophils on day 14th and 28th of infection (Fig. 2). 

Confirming previous data [31], we observed that the production of 
IL-17A was increased in the spleen and liver (Fig. 3A) of IL-32γTg mice, 
compared with WT mice, from day 7 (spleen) or day 14 (liver) until day 
28 of infection. To assess the participation of IL-17 in IL-32 γ -induced 
neutrophil recruitment, mice were treated with digoxin to suppress the 
production of IL-17A (Supplementary Fig. S2). In fact, inhibition of IL- 
17A production significantly reduced the percentage and absolute 
number of neutrophils in the spleen (Fig. 3B) and liver (Fig. 3C) of IL- 
32γTg mice after 14 days (Fig. 3B and C) as well as after 28 days (Fig. 3D 
and E) of infection with L. infantum. Although it was observed a 
reduction in the recruitment of neutrophils in digoxin-treated infected 
WT mice (in average 1.99-fold and 2.41-fold decrease; % neutrophils 
and absolute number of neutrophils, respectively), the effects of IL-17A 
on the recruitment of neutrophils were exacerbated in the presence of IL- 
32γ (in average 2.83-fold and 3.69-fold decrease; % neutrophils and 
number of neutrophils, respectively). 

3.2. IL-32γ increases L. infantum phagocytosis by inflammatory murine 
neutrophils in a CR3-dependent manner. 

Since IL-32γ increased the recruitment of neutrophils during exper
imental VL, we decided to investigate whether this cytokine directly 
alters the functional activity of these cells. To assess the effects of IL-32γ 
on the phagocytic capacity of murine neutrophils, thioglycolate-elicited 
inflammatory neutrophils were incubated with CFSE+-L. infantum for up 
to 2 h and parasite uptake was evaluated by flow cytometry (percentage 
of CFSE+ cells and MFI). IL-32γTg neutrophils presented higher uptake 
of L. infantum than WT neutrophils (Fig. 4A and Supplementary Fig. S3). 

Fig. 1. IL-32 γ increases the recruitment of neu
trophils into spleen and liver of L. infantum- 
infected mice. WT and IL-32 γ Tg mice were infected, 
i.p., with 107 L. infantum promastigotes for 1, 7, 14 or 
28 days. The relative (%) (A and C) and absolute 
number (B and D) of neutrophils (CD11b+Ly6G+

cells) were assessed by flow cytometry of spleen (A 
and B) and liver (C and D) single-cell suspensions. The 
data show the mean ± SEM of 9 mice, from 3 inde
pendent experiments. *p < 0.05 (WT vs. IL-32 γ Tg), 
by two-way ANOVA/Bonferroni’s posttest.   
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In fact, the number of viable parasites recovered after 2 h of infection 
was greater in IL-32γTg neutrophil cultures than in WT ones (Fig. 4B). 

Further, expression of CR3, one of the main receptors for Leishmania 
spp. uptake by innate immune cells, was evaluated by using fluorescent 
anti-CD11b antibody. It was observed that IL-32γ significantly increased 
the expression of CR3 in uninfected neutrophils compared to neutrophils 
from WT mice (Fig. 4C). Blocking CR3 with neutralizing anti-CR3 
antibody reversed the enhancement of L. infantum phagocytosis 
induced by IL-32γ (Fig. 4D). In our hands, CR3 blockade had no effect on 
L. infantum uptake by WT neutrophils (Supplementary Fig. S4). 

3.3. IL-32γ potentiates the neutrophil killing capacity of L. infantum via 
TNFα-ROS-MPO axis 

In addition to phagocytosis, neutrophils are important to kill Leish
mania parasites. Therefore, we evaluated the recovery of viable parasites 
after 2 h and 20 h of infection to assess the control of L. infantum by these 

cells. While WT neutrophils were not able to control L. infantum, IL- 
32γTg neutrophils reduced the number of viable parasites in vitro 
(Fig. 5A). 

One of most important pathway to control parasite in neutrophils is 
the ROS production [18,48], which can be induced by TNFα [49]. 
Although L. infantum increased TNFα production in both WT and IL-32 γ 
Tg, after 2 h of infection, in presence of IL-32 γ, the infection induced 
higher levels of TNFα in neutrophils compared with WT neutrophils 
after 20 h (Fig. 5B). In accordance, a similar profile of ROS production 
was detected after exposure of neutrophils to L. infantum. Although it 
was not observed significant effect of IL-32γ on the percentage of ROS 
producing neutrophils, the levels of ROS (MFI) were higher in IL-32γTg 
than in WT neutrophils at 2 h and 20 h of L. infantum infection (Fig. 5C). 

To confirm the relevance of ROS for the parasite killing, neutrophils 
were treated with a NADPH-oxidase inhibitor, apocynin (Supplementary 
Fig. S5). This treatment reversed IL-32γ-induced L. infantum control in 
murine neutrophils (Fig. 5D). In agreement with those results, activity of 

Fig. 2. IL-32 levels correlate with the number of neutrophils recruited during experimental VL. The levels of IL-32, assessed by ELISA, in the (A and B) spleen 
and (C and D) liver of IL-32 γ Tg mice, were correlated with the percentage and absolute number of neutrophils on 14th or 28th days of infection. The data are 
represented as individual values (n = 9), r and p-value, by Pearson correlation test. 

Fig. 3. IL-32 γ -increased recruitment of neutrophils is dependent on IL-17. WT and IL-32 γ Tg mice were infected, i.p., with 107 L. infantum promastigotes for 1, 
7, 14 or 28 days. IL-17A was measured in the (A) spleen (upper panel) and liver (lower panel) lysates by ELISA. Mice were injected i.p. with PBS or digoxin (40 µg, 
every 2 days after infection), for IL-17 suppression. (B - E) The percentage and number of neutrophils in spleen and liver of L. infantum-infected mice on 14 or 28 days 
post infection. The data show the mean ± SEM of 9 mice, from 3 independent experiments. In A, *p < 0.05 (WT vs. IL-32 γ Tg), by two-way ANOVA/Bonferroni’s 
posttest. In B - E, *p < 0.05 (PBS vs. Digoxin), by Student’s t test. 
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myeloperoxidase (MPO), which is an important enzyme in ROS 
pathway, was higher in IL-32γTg infected neutrophils at 2 h and 20 h of 
L. infantum exposure than WT infected neutrophils (Fig. 5E). 

3.4. Neutrophils mediate the IL-32γ-induced reduction of parasite burden 
during in vivo infection with L. infantum 

Since IL-32γ induced neutrophil recruitment during experimental VL 
and increased in vitro phagocytosis and killing of L. infantum by these 
cells, we assessed the participation of neutrophils in IL-32γ-induced 
reduction of parasitic burden in vivo. Neutrophil depletion (Supple
mentary Fig. S6) reversed IL-32γ-induced parasitism control after 14 or 
28 days of infection with L. infantum, in both spleen and liver (Fig. 6). 

3.5. Treatment of human polymorphonuclear cells with recombinant IL- 
32γ induces phagocytosis and killing of L. infantum 

To extend murine neutrophil findings to human neutrophils, we 
evaluated the effects of IL-32 γ on human PMN cells isolated from the 
peripheral blood of healthy individuals. Since we were not able to detect 
IL-32 after incubation of neutrophils with L. infantum (data not shown), 
human PMN cells were treated with rhIL-32 γ. It was observed that 
treatment with rhIL-32 γ increased the phagocytosis of L. infantum by 
human PMN cells (flow cytometry and number of viable parasites 
recovered after 2 h of infection) compared with untreated cells (p <
0.05; Fig. 7A, B). Opposite to the increase in phagocytosis, rhIL-32 γ 
treatment decreased L. infantum infection in human PMN cells (2 h vs. 
20 h; Fig. 7C). This can be related to the increased production of ROS by 
infected cells, especially after 20 h of infection (Fig. 7D). 

Fig. 4. IL-32 γ increases L. infantum phagocytosis by inflammatory murine neutrophils in a CR3-dependent manner. Neutrophils were isolated from the 
peritoneal cavity of WT and IL-32 γ Tg mice, after 18 h of injection of 10% thioglycolate. (A) Neutrophils were infected with CFSE+-L. infantum and evaluated by flow 
cytometry. (B) Number of viable parasites recovered after 2 h of infection. (C) CD11b expression in uninfected neutrophils evaluated by flow cytometry. (D) 
Neutrophils were treated with anti-CD11b (M1/70 clone, αCR3) and infected with CFSE+-L. infantum before evaluation by flow cytometry. Data show the mean ±
SEM of 6 mice from 3 independent experiments, performed in duplicate. In A and D, *p < 0.05 (WT vs. IL-32 γ Tg), by two-way ANOVA/Bonferroni’s posttest. In B 
and C, *p < 0.05 (WT vs. IL-32 γ Tg), by Student’s t test. 
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4. Discussion 

We have previously demonstrated that IL-32 γ is a protective cyto
kine in experimental visceral leishmaniasis. This protection is mediated, 
at least partially, by the induction of Th1/Th17 by IL-32 γ [31]. In the 
present study, we showed that the induction of Th17 and the production 
of IL-17, mediated by IL-32 γ, also induced the recruitment of neutro
phils to the L. infantum infected organs in a mouse model of VL. 
Furthermore, the presence of IL-32 γ in murine neutrophils increased the 
phagocytosis and killing of L. infantum. Indeed, IL-32 γ -induced 
recruitment of neutrophils is crucial for the host protective immune 
response, since neutrophil depletion reversed IL-32 γ ability to reduce 

infection rates in vivo. 
The protective or permissive role of neutrophils in leishmaniasis 

appears to be dependent on the species of the parasite, host background 
and the clinical form of the disease. Neutrophil depletion delays lesion 
progression and reduces parasite burden in BALB/c mice, while accel
erates cutaneous damage in C57BL/6 mice infected with L. major [50]. 
In addition, the presence of neutrophils has protective effects in BALB/c 
infected with L. amazonensis, but the effects are limited in C57BL/6 [39]. 
The presence of neutrophils may favor tissue injury in tegumentary 
leishmaniasis [51,52]. Despite different outcome are reached after 
manipulating neutrophils in different models of murine tegumentary 
leishmaniasis, it appears that neutrophils play a protective role in VL 

Fig. 5. IL-32 γ activates neutrophils to control L. infantum infection via TNFα-ROS-MPO pathway. Neutrophils were isolated from the peritoneal cavity of WT 
and IL-32 γ Tg mice, after 18 h of injection of 10% thioglycolate and infected with L. infantum promastigotes (MOI 5:1) for 2 h or 20 h. (A) Number of viable parasites 
recovered after 2 h and 20 h of infection. (B) TNF-α production, evaluated by ELISA in supernatant. (C) ROS production evaluated by flow cytometry after incubation 
with H2DCFDA. (D) Number of viable parasites recovered after 2 h or 20 h of infection in absence or presence of apocynin (10− 4 M) treatment of neutrophils. (E) 
MPO activity, evaluated in supernatant incubated with tetramethylbenzidine. The data show the mean ± SEM of 6 mice, from 3 independent experiments, performed 
in duplicate. *p < 0.05, by one-way ANOVA/Bonferroni’s posttest. #p < 0.05, by one-way ANOVA/Bonferroni’s posttest, compared to the uninfected group, at the 
same incubation time. 

Fig. 6. Neutrophils mediate IL-32 γ -induced reduction of parasite load during in vivo infection with L. infantum. WT and IL-32 γ Tg mice were infected, i.p., 
with 107 L. infantum promastigotes for 14 or 28 days. Neutrophils were depleted with intraperitoneal injections of RB6-8C5 monoclonal antibody. Parasite load was 
evaluated in (A) spleen and (B) liver. The data show the mean ± SEM of 6 mice, in 2 independent experiments. *p < 0.05, by one-way ANOVA/Bonferroni’s posttest. 
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[11,29,53,54]. In fact, we demonstrated here that the presence of neu
trophils is crucial for the protection of mice infected with L. infantum and 
IL-32 γ mediates this process. 

IL-17 production is essential for neutrophil recruitment, since IL-17 
induces the chemoattractive neutrophil CXCL1 [29,55,56]. In addi
tion, IL-17 is known to be involved in host resistance in VL [28,56,57]. 
However, the IL-17/neutrophil recruitment/resistance axis is impaired 
in traditional murine models since L. infantum infection does not induce 
the production of large IL-17 levels in C57BL/6 mice affected organs 
[29,31]. The absence of the IL-32 gene in mouse prevents analyses that 
better mimic human infection. In fact, we have shown that IL-32, 
especially IL-32 γ, is fundamental in the control of human infections 
by different species of Leishmania, and the human IL-32 γ Tg C57BL/6 
mouse model presents a different profile from cutaneous and VL [31,58- 
61]. The induction of IL-17 and the role of IL-17 in neutrophil recruit
ment and protection during VL is now established in C57BL/6 IL-32 γ Tg 
mouse. 

Neutrophils can participate in the control of Leishmania infection by 
the production of ROS, NETs and cytokines/chemokines after parasite 
phagocytosis [13,23]. Murine and human neutrophils are able to 
phagocytize L. infantum promastigotes [21,25,26,62-64]. In addition, 
Leishmania amastigotes or amastigotes-like presence and replication of 
amastigotes have been observed within neutrophils [21,63,65]. Here, 
IL-32 γ increased the uptake of L. infantum in neutrophils due to the 
increased CR3 expression. The role of CR3 in the uptake of L. major by 
neutrophils has already been demonstrated [66] and CR3 is highly 
expressed on neutrophils, being the main receptor for Leishmania in 
these cells [67]. In addition, IL-32 is known to induce CD11b expression 
in macrophages [68]. In this study, it was clear that IL-32 increased CR3 
on neutrophils at levels that this receptor became very important for 
L. infantum phagocytosis, which was not observed in WT mice. 

In addition to the increase of the L. infantum phagocytosis, IL-32 γ 
increased the killing of these parasites within neutrophils, which was 
mediated mainly by the production of ROS. The release of ROS and TNFα 
and degranulation of neutrophils are essential for the control of Leish
mania [42,48,69], but L. infantum is capable of interfering with 
neutrophil activation [21,64]. IL-32 γ clearly increased the activation of 
murine and human neutrophils, contributing to the killing of L. infantum 
within these cells. Interestingly, the treatment of human neutrophils 
with recombinant IL-32 γ induces the expression of p38 MAPK (mitogen- 
activated protein kinase) [70] and p38 MAPK signaling is involved in 
neutrophil activation, including ROS production and CD11b/CR3 
expression [71,72]. 

Taken together, our data demonstrate that IL-32 γ induces IL-17, 
which, in turn, induces the recruitment of neutrophils during the 
establishment of VL. This neutrophil recruitment is essential for the 
control of L. infantum infection observed in the C57BL/6 IL-32 γ Tg 
mouse model. In addition, we demonstrated that the presence of IL-32 γ 
increases the uptake and ROS-dependent killing of L. infantum in murine 
and human neutrophils. We have demonstrated mechanistically how IL- 
32 contributes to the control of VL, in an unprecedented way, increasing 
the functions of neutrophils. 
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A. Nogueira-Machado, Role PKA and p38 MAPK on ROS production in neutrophil 
age-related: Lack of IL-10 effect in older subjects, Mech. Ageing Dev. 130 (9) 
(2009) 588–591, https://doi.org/10.1016/j.mad.2009.07.001. 

R.S. Gomes et al.                                                                                                                                                                                                                                

https://doi.org/10.1038/nature09978
https://doi.org/10.1371/journal.pntd.0003601
https://doi.org/10.1371/journal.pntd.0003601
https://doi.org/10.1186/1471-2334-5-39
https://doi.org/10.1186/1471-2334-5-39
http://www.ncbi.nlm.nih.gov/pubmed/3065216
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0003-2697(82)90185-3
https://doi.org/10.1371/journal.pntd.0004609
https://doi.org/10.1371/journal.pntd.0004609
https://doi.org/10.1016/j.intimp.2013.06.034
https://doi.org/10.4049/jimmunol.165.5.2628
https://doi.org/10.4049/jimmunol.165.5.2628
https://doi.org/10.1002/eji.200940115
https://doi.org/10.1371/journal.ppat.1004929
https://doi.org/10.1371/journal.ppat.1004929
https://doi.org/10.1128/IAI.00975-15
https://doi.org/10.1016/j.ajpath.2011.03.009
https://doi.org/10.1016/j.ajpath.2011.03.009
https://doi.org/10.4049/jimmunol.0713598
https://doi.org/10.4049/jimmunol.0713598
https://doi.org/10.1172/JCI38813
https://doi.org/10.1172/JCI38813
https://doi.org/10.1590/S0074-02762011000500010
https://doi.org/10.1590/S0074-02762011000500010
https://doi.org/10.1371/journal.pntd.0005413
https://doi.org/10.1371/journal.pntd.0005413
https://doi.org/10.1186/1471-2334-14-249
https://doi.org/10.1186/s13071-017-2268-4
https://doi.org/10.1186/s13071-017-2268-4
https://doi.org/10.1371/journal.pntd.0008029
https://doi.org/10.3389/fmicb.2017.00262
https://doi.org/10.1016/j.cellimm.2018.11.003
https://doi.org/10.1016/j.cellimm.2018.11.003
https://doi.org/10.4172/2329-954110.4172/2329-9541.1000146
https://doi.org/10.1189/jlb.4HI0417-158R
https://doi.org/10.1189/jlb.4HI0417-158R
https://doi.org/10.1128/IAI.70.2.826-835.2002
https://doi.org/10.1016/j.pt.2012.05.002
https://doi.org/10.1186/ar4104
https://doi.org/10.1189/jlb.0108018
https://doi.org/10.1371/journal.pone.0109256
https://doi.org/10.1371/journal.pone.0109256
https://doi.org/10.1039/c3an01076g
https://doi.org/10.1016/j.mad.2009.07.001

	Protective immune response mediated by neutrophils in experimental visceral leishmaniasis is enhanced by IL-32γ
	1 Introduction
	2 Methods
	2.1 Ethics statement
	2.2 Mice
	2.3 Parasites
	2.4 In vivo infection and analysis of neutrophil recruitment
	2.5 Quantification of cytokines and in vivo suppression of IL-17
	2.6 Mouse neutrophil isolation
	2.7 L. infantum uptake and control by murine neutrophils
	2.8 Assessment of neutrophil activities
	2.9 Human neutrophil infection and treatment with IL-32 γ
	2.10 Statistical analysis

	3 Results
	3.1 IL-32γ induces neutrophil recruitment during experimental visceral leishmaniasis in an IL-17-dependent manner
	3.2 IL-32γ increases L. infantum phagocytosis by inflammatory murine neutrophils in a CR3-dependent manner.
	3.3 IL-32γ potentiates the neutrophil killing capacity of L. infantum via TNFα-ROS-MPO axis
	3.4 Neutrophils mediate the IL-32γ-induced reduction of parasite burden during in vivo infection with L. infantum
	3.5 Treatment of human polymorphonuclear cells with recombinant IL-32γ induces phagocytosis and killing of L. infantum

	4 Discussion
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


