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DH82 Canine and RAW264.7 Murine Macrophage Cell Lines Display Distinct Activation Profiles Upon Interaction With Leishmania infantum and Leishmania amazonensis
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Leishmaniasis is an anthropozoonotic disease, and dogs are considered the main urban reservoir of the parasite. Macrophages, the target cells of Leishmania sp., play an important role during infection. Although dogs have a major importance in the epidemiology of the disease, the majority of the current knowledge about Leishmania–macrophage interaction comes from murine experimental models. To assess whether the canine macrophage strain DH82 is an accurate model for the study of Leishmania interaction, we compared its infection by two species of Leishmania (Leishmania infantum and L. amazonensis) with the murine macrophage cell line (RAW264.7). Our results demonstrated that L. amazonensis survival was around 40% at 24 h of infection inside both macrophage cell lines; however, a reduction of 4.3 times in L. amazonensis infection at 48 h post-infection in RAW 264.7 macrophages was observed. The survival index of L. infantum in DH82 canine macrophages was around 3 times higher than that in RAW264.7 murine cells at 24 and 48 h post-infection; however, at 48 h a reduction in both macrophages was observed. Surprisingly at 24 h post-infection, NO and ROS production by DH82 canine cells stimulated with LPS or menadione or during Leishmania infection was minor compared to murine RAW264.7. However, basal arginase activity was higher in DH82 cells when compared to murine RAW264.7 cells. Analysis of the cytokines showed that these macrophages present a different response profile. L. infantum induced IL-12, and L. amazonensis induced IL-10 in both cell lines. However, L. infantum and L. amazonensis also induced TGF-β in RAW 264.7. CD86 and MHC expression showed that L. amazonensis modulated them in both cell lines. Conversely, the parasite load profile did not show significant difference between both macrophage cell lines after 48 h of infection, which suggests that other mechanisms of Leishmania control could be involved in DH82 cells.
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INTRODUCTION

Leishmaniasis is an anthropozoonotic disease transmitted by sandflies, presenting a wide array of clinical symptoms, ranging from cutaneous to visceral manifestations. Dogs are considered the main reservoir of the disease, which is present in different countries of the Old and New World, in urban and periurban areas (Dantas-Torres et al., 2012). Canine leishmaniasis is a complex disease with variable clinical signs and different degrees of susceptibility caused mainly by Leishmania infantum. It is considered a serious public health problem since L. infantum is the causative agent of human visceral leishmaniasis, the more severe form of this disease. However, other species have also been reported in dogs, such as L. amazonensis, L. mexicana, and L. braziliensis (Gontijo and De Carvalho, 2003; Castro et al., 2007; Valdivia et al., 2017; Paz et al., 2018).

Macrophages are important innate immune cells in the defense against intracellular microorganisms and play an important role in Leishmania infection, since they are the target cells infected by the parasite. Superoxide anion ([image: image]) and nitric oxide (NO) are critical molecules in controlling Leishmania infection and are produced by macrophages in response to Leishmania phagocytosis and after the activation of macrophages by interferon (IFN)-γ and tumor necrosis factor (TNF)-α (Channon et al., 1984; Gantt et al., 2001; Horta et al., 2012).

The majority of the current knowledge about Leishmania–macrophage interaction comes from murine experimental models using different macrophage sources, such as peritoneal, bone marrow-derived, or murine cell lineages (Mosser and Rosenthal, 1993; Handman and Bullen, 2002; Naderer and McConville, 2008). The use of a canine macrophage cell line to study the early aspects of Leishmania interaction is easier and more practical compared to macrophages obtained from the bone marrow or purified from peripheral blood from dogs. Added to that, the use of a cell line from an animal species that is the parasite reservoir can contribute for a better understanding about infection and cell response differences among murine and canine experimental models.

Some works have reported the use of DH82, a canine macrophage cell line, as a model to study infection by different microorganisms like virus, bacteria, and protozoa (Howerth et al., 2004; Maia et al., 2007; Ponnusamy and Clinkenbeard, 2012; Mendonça et al., 2017). In this study, we evaluated the interaction of DH82 canine macrophages by L. amazonensis, the causative agent of a cutaneous and diffuse cutaneous disease, and L. infantum, the causative agent of visceral disease, analyzing ROS and NO production, cytokine profile, arginase activity, and surface molecule expression in comparison to RAW264.7 murine macrophages, a cell line widely used in experimental studies. Our results show that DH82 cells have different characteristics in relation to the immune response to Leishmania compared to RAW264.7 ones.



MATERIALS AND METHODS


Parasites

Leishmania infantum (MCAN/BR/2008/OP46) isolated from an infected dog from Governador Valadares, Minas Gerais State, Brazil, characterized by molecular techniques and hamster infection (Moreira et al., 2012, 2016), and Leishmania amazonensis (MHOM/BR/75/Josefa) were maintained at 26°C in Schneider's insect medium (Sigma) supplemented with 10% heat-inactivated fetal calf serum (Cripion), 10% human urine, and 40 μg mL−1 gentamicin (Sigma). In all assays, promastigotes in the stationary phase of growth (5–6 days) were washed twice in phosphate-buffered saline (PBS) pH 7.2) at 2,700 × g for 13 min at 22°C, resuspended in PBS, and used throughout.



Macrophages

Murine RAW264.7 macrophages were maintained in RPMI 1640 medium (Sigma) supplemented with 10% FBS (Cripion) at 37°C 5% CO2. Canine DH82 macrophages, kindly supplied by Prof. Marcelo Bahia Labruna (Faculdade de Medicina Veterinária e Zootecnia, Universidade de São Paulo, SP, Brazil), were cultured in DMEM (Sigma) supplemented with 10% FBS (Cripion) at 37°C 5% CO2.



Macrophage Interaction Assays

Macrophages (2 × 105/well) adhered to coverslips (Vision Glass) in 24-well plates (Corning, USA) were incubated for 2 h at 37°C 5% CO2 and then infected with Leishmania promastigotes in the ratio of 5 parasites: 1 macrophage. Macrophages interacting with L. amazonensis were maintained at 34°C 5% CO2, whereas cells interacting with L. infantum were maintained at 37°C 5% CO2. After 2 h of infection, some cultures were washed twice with PBS, fixed, and stained using Diff-Quick (Laborclin) and the association index (uptake) evaluated. To determine the infection index, the cultures were kept in culture for 16 h. After rinsing with PBS twice, the cultures were maintained for an additional 24 and 48 h in the same conditions as above. Then, the cells were washed twice in PBS, fixed, and stained as described above. The association (2 h post-infection) and survival (24 or 48 h post-infection) indexes were assessed by multiplying the percentage of infected macrophages by the number of parasites per macrophage through randomly counting at least 200 cells in each of triplicate coverslips.



Parasite Load

After 48 h of infection, macrophage cell monolayers were washed and incubated with 0.01% SDS (Sigma) for 10 min to allow lysis of macrophages and the release of amastigotes. Then, cultures were fed with 1 mL of Schneider's medium, supplemented with 10% FCS, and kept at 27°C for an additional 2 days. The relative intracellular load of L. amazonensis and L. infantum amastigotes was measured by assessing the number of extracellular motile promastigotes transformed (Gomes et al., 2000; Ribeiro-Gomes et al., 2006, 2007).



Detection of Nitric Oxide and ROS Production in DH82 Canine and RAW264.7 Murine Macrophages

The amount of intracellular nitric oxide (NO), total reactive oxygen species (tROS), and mitochondrial ROS (mitROS) was assessed through fluorescent probes. Macrophages (106) were plated in 6-well tissue culture plates, stimulated or not with LPS (1 μg/mL) or menadione (0.05 mM) (positive controls) or infected with L. amazonensis or L. infantum (5 parasites: 1 macrophage). The cultures were maintained for 24 h at 34°C or 37°C/5% CO2 according to the parasite species. Then, the cells were washed to remove free parasites and were labeled with 1 μM DAF-FM (Molecular Probes), 0.5 μM H2DCFDA (Thermo Fisher), or 0.25 μM MITOsox (Thermo Fisher). After 45 min in the dark at 37°C, the cells were washed and incubated for more 15 min under the same conditions. Cells were then mechanically released using cell scraper and resuspended in 400 μL of PBS. Stained cells (without any stimuli) were used as negative control to normalize the data in relation to stimulated or infected cells. The percentages of DAF-, DCF-, or MITOsox-positive cells were analyzed by flow cytometry (FACSCalibur) after acquiring 10,000 events. The analyses were performed on the CellQuest program. The gating strategy used in the cytometry evaluation was only to identify a homogeneous macrophages population, since we are working with a culture cell line (Figure S1).



Quantitative Real-Time RT-PCR

Total RNA of RAW264.7 and DH82 cells (1 × 106 cells) was extracted with RNeasy Plus Mini Kit (Qiagen 74134, Germany), and 1 μg aliquot was reverse transcribed to first-strand cDNA with ImProm-II (Promega) and oligo(dT) primer according to the manufacturer's instructions. The DNA sequences of the primers used were IL-12-F (mouse): 5′-TCAAGAGCAGTAGCAGTTCCCCTG-3′, IL-12-R (mouse): 5′-GGTCCAGTGTGACCTTCTCTGCA-3′, IL-12-F (dog): 5′-GCGTCTTCCCTCATGACC-3′, IL-12-R (dog): 5′-GGGTGCCAGTCCAACTCTAC-3′, IL-10-F (mouse): 5′-CCCAGAAATCAAGGAGCATT-3′, IL-10-R (mouse): 5′-TCACTCTTCACCTGCTCCAC-3′, IL-10-F (dog): 5′-GGTTGCCAGCCCTGTCGG-3′ IL-10-R (dog): 5′-GCGTCGCAGCCTCAGTCTCA-3′, IL-6-F (dog): 5′-GGGAAAGCAGTAGCCATCAC-3′, IL-6-R (dog): 5′-CAGGACCCCAGCTATGAACT-3′, TGF-β-F (mouse): 5′-GTGGCTGAACCAAGGAGACGG-3′, TGF-β-R (mouse): 5′-GGCTGATCCCGTTGATTTCCACG-3′, TGF-β-F (dog): 5′-CGAAGCCCTCGACTCC-3′, TGF-β-R (dog): 5′-TGGCTGYCCTTTGATGTCAC-3′, GAPDH-F: 5′-TGCACCACCAACTGCTTAGC-3′ and GAPDH-R: 5′-GGCATGGACTGTGGTCATGAG-3′. qRT-PCR data from the experiments were normalized using Gapdh primers as an endogenous control. Amplicon specificity was carefully verified by the presence of a single melting temperature peak in dissociation curves run after real-time RT-PCR. Real-time quantitative RT-PCR (qRT-PCR) was performed via the Applied Biosystems StepOne™ detection system (Applied Biosystems) using GoTaq® qPCR Master Mix (Promega Corp., Madison, WI, USA). All expression ratios were computed via the analysis of relative gene expression ΔΔCt method through the StepOne software version 2.0 (Applied Biosystems).



Arginase Activity

Uninfected or infected macrophage cell lines stimulated or not with 40 ng/mL of murine interleukin-4 (IL-4, eBioscience) for 24 h were lysed to determine the arginase activity. The macrophage lysates were obtained from 2.5 × 105 cells treated with 100 μL of 0.1% Triton X-100 for 30 min, followed by the addition of 100 μL of a buffer containing 25 mM Tris–HCl (pH 7.4) and 10 μL of 10 mM MnSO4. The enzyme was then activated by heating for 10 min at 56°C, and arginine hydrolysis was carried out by incubating 100 μL of the activated lysate with 100 μL of 0.1 M arginine (pH 9.7) at 37°C for 1 h. The reaction was stopped with 800 μL of H2SO4-H3PO4-H2O (1:3:7 [vol/vol/vol]) and 40 μL of 10% α-isonitrosopropiophenone in 100% methanol and heated to 100°C for 30 min. The urea concentration was measured at 540 nm. One unit of enzyme activity was defined as the amount that catalyzed the formation of 1 μmol of urea per min.



MHC and CD86 Expression

The cells were infected or not with L. infantum and L. amazonensis and were activated or not by LPS (500 ng/mL). After 24 h post-infection, the cells were detached, washed, adjusted to a concentration of 5.0 × 105 cells/tube, and incubated with blocking buffer (CD16/CD32 Fc Block—eBioscience) for 15 min on ice to prevent non-specific antibody binding to Fc receptors. Cells were stained with anti-dog MHC class II-FITC (Serotech), anti-mouse MHC class II-FITC, and anti-mouse CD86-PECy5 (eBioscience). All washing steps were performed with PBS containing 3% FCS and 0.02% sodium azide. Data were acquired (10,000 events), evaluated on FACSCalibur™ cytometer and analyzed using CellQuest® software (BD Biosciences, Heidelberg, Germany).



Statistical Analysis

Data were analyzed using Student's t-test for comparison of two groups or ANOVA for more than three groups with Tukey post-test. Analyses were performed using the GraphPad Prism 5.0 software. The p-value was considered significant when equal to or <0.05.




RESULTS

First, we incubated DH82 canine and RAW264.7 murine macrophages with L. amazonensis or L. infantum promastigotes for 2 h, and the capacity of both species to interact with these host cells was evaluated. Our results showed that the number of parasites per cell and the % of infected macrophages was 1.2 and 2.4 times higher in L. amazonensis infected RAW264.7 compared to DH82 (Figures 1A,B). The association index showed that L. amazonensis interacts 2.4 times and 4.2 times more than L. infantum promastigotes with DH82 and RAW264.7 macrophages, respectively (Figure 1C). Assessing the parasite number per cell of L. amazonensis in DH82, there is no significant difference in the number of parasite per macrophages at 24 and 48 h of interaction, although we observed that the parasite number per cell was 1.5 and 1.8 times higher than in RAW264.7 in 24 and 48 h (Figure 2A, Figure S2). On the other hand, the % of infected DH82 macrophages by L. amazonensis was 1.3 times higher at the 48 h than in RAW264.7 (Figure 2B). In L. infantum survival, no significant difference was observed among DH82 or RAW264.7 macrophages, neither in the percentage of infected macrophages nor in the number of parasites per cell in 24 or 48 h post-infection infection (Figures 2A,B). Evaluating Leishmania survival in DH82 canine macrophages, we demonstrated that L. amazonensis infection decreased 1.6 times 48 h post-infection (Figure 2C). Comparing to L. infantum, L. amazonensis survival was 5 and 7.2 times higher, respectively, at 24 and 48 h post-infection (Figure 2C). A decrease of 1.6 and 2.3 times in the parasite survival after 48 h post-infection was observed for L. amazonensis and L. infantum, respectively.


[image: Figure 1]
FIGURE 1. Association index of Leishmania in macrophages. Parasite per macrophages (A), % infected macrophages (B), and association index (C) in canine DH82 and murine RAW264.7. Macrophages were incubated with L. amazonensis (L.a) and L. infantum (L.i) promastigotes (5 parasites: 1 macrophage) for 2 h. The data represent mean ± SEM of three independent experiments done in triplicates. ***p < 0.0001; **p = 0.0093; *p = 0.005.



[image: Figure 2]
FIGURE 2. Leishmania interaction with macrophages. Parasite per macrophages (A), % infected-macrophages (B), and survival index (C) in canine DH82 and murine RAW264.7. Macrophages were infected with L. amazonensis (L.a) and L. infantum (L.i) promastigotes (5 parasites: 1 macrophage) for 24 and 48 h. The data represent mean ± SEM of six independent experiments done in triplicates. **p < 0.008; *p < 0.05; ***p < 0.0001.


Comparing parasite survival in RAW264.7 murine macrophages at 24 h post-infection, 42% of L. amazonensis survival was observed, similarly to the same time point in the DH82 canine macrophages; however, it decreased 4.3 times at 48 h in RAW264.7 (Figure 2C). In RAW264.7 macrophages, L. infantum survival did not show significant difference 24 and 48 h post-infection (Figure 2C). The interaction of L. amazonensis in DH82 canine macrophages was 1.2 and 3.2 times higher than in RAW264.7 murine macrophages at 24 and 48 h post-infection, respectively. A similar difference was observed in the interaction of L. infantum that was 3 and 3.5 times lower in RAW264.7 murine macrophages than in DH82 canine macrophages at 24 and 48 h, respectively. L. infantum parasite load after 48 h of infection was not statistically different in both macrophages, and L. amazonensis parasite load was twice higher in RAW264.7 than in DH82 cells (Figure 3).


[image: Figure 3]
FIGURE 3. Parasite load in infected macrophages. Canine (DH82) and murine (RAW264.7) macrophages were infected for 48 h at 34°C or 37°C/5% CO2, according to the Leishmania species. Then, the cells were washed, lysed, and fed with Schneider's medium. Macrophage parasite load was evaluated after 2 days in culture at 27°C by extracellular promastigotes production. Results from three independent experiments in triplicate ± SEM. L. amazonensis (L.a) and L. infantum (L.i). *p < 0.05; **p = 0.0043; ***p < 0.0009.


Then, we compared the ability of both cell lines to produce ROS and NO during Leishmania infection. Our results showed that DH82 canine macrophages did not augment the NO expression, when the cells were stimulated with LPS or infected with L. infantum or L. amazonensis (Figure 4B). However, an increase of 14.6, 3.0, and 13.4 times in NO production by RAW264.7 stimulated with LPS, L. infantum, and L. amazonensis, respectively, was observed (Figure 4A).


[image: Figure 4]
FIGURE 4. Intracellular nitric oxide (NO) production in murine (RAW264.7) and canine (DH82) macrophages. RAW264.7 (A) and DH82 (B) macrophages were stimulated with 1 μg/mL LPS or infected with 5p:1 m of L. infantum (L.i) or L. amazonensis (L.a) and NO production measured using DAF-FM. Data were normalized as fold change in comparison to control cells (unstimulated cells incubate with DAF) and are presented as mean ± SEM of three independent experiments. *p < 0.05. Representative histograms of %DAF-FM+ cells in unstimulated cells (Ctrl), stimulated with LPS, or infected with L. infantum or L. amazonensis are shown.


Total ROS (tROS) analysis showed that RAW264.7 murine macrophages stimulated with LPS augmented tROS production by 10-fold over the control, and after L. amazonensis infection, 5 times more tROS production was detected compared with the control; however, a significant increase in tROS production in L. infantum–infected cells was not observed (Figure 5A). Mitochondrial ROS (mitROS) evaluation showed that RAW264.7 murine macrophages, when stimulated with menadione, induced 42-fold more mitROS compared with the control. In L. amazonensis–infected cells, an increase of 8 times in mitROS in relation to unstimulated control was observed. However, although mitROS was increased in L. infantum–infected RAW264.7 cells, it was not statistically significant (Figure 5B).


[image: Figure 5]
FIGURE 5. Intracellular ROS production in RAW264.7 murine and DH82 canine macrophages. RAW264.7 (A) or DH82 (C) macrophages were stimulated or not with 1 μg/mL of LPS or infected with L. amazonensis (L.a) or L. infantum (L.i) in a ratio of 5p:1m, and total ROS (tROS) production was detected after 24 h with 0.5 mM DCFH-DA. RAW264.7 (B) or DH82 (D) macrophages stimulated or not with 0.05 mM menadione or infected with L. amazonensis (L.a) or L. infantum (L.i) as above and mitROS production detected after 24 h with 1 mM MITOsox. Data were normalized as fold change in comparison to control cells (unstimulated cells incubated with DCF or MITOsox) and are presented as mean ± SEM of three independent experiments. *p < 0.05. Representative histograms of %DCF-FM+ and MITOSox+ cells of unstimulated (Ctrl), stimulated with LPS, or infected with L. infantum or L. amazonensis are shown. Representative histograms of % of fluorescent cells in unstimulated cells (Ctrl) or LPS- or menadione-stimulated; infected with L. infantum or L. amazonensis are shown.


Total ROS production by DH82 canine macrophages showed a minor production compared to RAW264.7 murine macrophages. DH82 canine macrophages stimulated with LPS increased 1.7 times tROS production, and in Leishmania-stimulated cells, a significant augment in tROS production was not observed (Figure 5C). Mitochondrial ROS analysis showed that DH82 canine macrophages stimulated with menadione used as positive control increased 4-fold mitROS production, while L. infantum infection augmented 0.73-fold over mitROS in unstimulated control. Even though L. amazonensis infection in RAW264.7 macrophages induced an increase in mitROS, a significant induction of mitROS in L. amazonensis–infected DH82 cells was not observed (Figure 5D).

Next, we determined the cytokine profiles of both macrophages. Our results evidenced that during infection in DH82 cells, L. infantum increased 1.4 times IL-12 mRNA expression (Figure 6A) and L. amazonensis induced 1.8 times more IL-10 mRNA in relation to uninfected control cells (Figure 6B). In RAW264.7 macrophages, it was observed that L. infantum induced 2.2 times more IL-12 mRNA expression (Figure 6A) and both species augmented around 2-fold IL-10 (Figure 6B) and TGF-β mRNA expression compared to control uninfected cells (Figure 6C). In both macrophage cell lines, LPS stimulation increased the mRNA expression of the three cytokines IL-12, IL-10, and TGF-β, but LPS stimulation induced around 1.5 times more IL-12, TGF-β, and IL-10 mRNA expression in RAW 264.7 macrophages than in DH82 cells (Figures 6A–C). IL-6, an important acute phase cytokine, was analyzed only in DH82 cells, and an increase in IL-6 mRNA expression during L. infantum infection was observed, but not in L. amazonensis infection (Figure S3).


[image: Figure 6]
FIGURE 6. Cytokine profile in Leishmania-infected canine (DH82) and murine (RAW264.7) macrophages. Macrophages were stimulated or not (Ctrl) with 1 μg/mL of LPS or infected with L. amazonensis or L. infantum. After 24 h of infection, the cells were processed and mRNA for the cytokines quantified by qRT-PCR. Data from the experiments were normalized using GADPH primers as an endogenous control. LPS was used as positive control. Data from triplicate are expressed as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.


Arginase activity analysis showed that uninfected DH82 cells produced 12.5-fold higher arginase activity compared to RAW 264.7 cells and that Leishmania infection or IL-4 incubation did not modulate arginase activity in DH82 cells. However, in RAW264.7 cells, IL-4 incubation increased 2.2 times the arginase activity compared to control cells, but similar to observed in Leishmania infected DH82 both Leishmania species did not modulate arginase activity (Figure 7).


[image: Figure 7]
FIGURE 7. Arginase activity in canine DH82 and murine RAW264.7 macrophages. The cells were infected or not (Ctrl) with L. infantum (Li) or L. amazonensis (La) (5p:1m) or incubated with 40 ng/mL murine IL-4. After 24 h of infection, the cells were lysed and arginase activity measured by urea concentration at 540 nm. Data from triplicate are expressed as mean ± SEM. *p < 0.05.


The evaluation of MHC and CD86 molecules in macrophages during Leishmania infection showed that L. amazonensis increased 5.6 and 40 times the MHC expression in DH82 and RAW264.7 cells, respectively; however, L. infantum did not modulate MHC expression in any of the macrophages (Figure 8A). Similarly, LPS stimulation alone or together with L. infantum did not increase MHC expression in none of the cells, but it potentiated the MHC expression induced by L. amazonensis, which increased 2.2 and 3.1 times in DH82 and RAW264.7 macrophages, respectively (Figure 8A). In contrast with L. infantum, which did not modulate CD86 expression in DH82 cells, L. amazonensis infection increased 15-fold its expression in these macrophages (Figure 8B). Interestingly, in RAW264.7 cells although the expression of CD86 doubled in relation to control after both parasites' stimuli, the increase was not significant. Moreover, CD86 expression was not modulated by LPS stimulation of DH82 cells; nevertheless, it augmented 11.7 times CD86 expression in RAW264.7 macrophages. Interestingly, in the presence of L. amazonensis, a reduction of 2.4 times in CD86 expression in LPS-stimulated cells was observed (Figure 8B).


[image: Figure 8]
FIGURE 8. MHC and CD86 expression in canine DH82 and murine RAW264.7 macrophages. The cells (5 × 105/mL) infected or not with (Li.) L. infantum or (La.) L. amazonensis (5p:1m) were activated or not (Ctrl) with LPS [500 ng/mL] and maintained at 34 or 37°C/5% CO2. After 24 h post-infection, the cells were detached, stained for MHC (A) and CD86 (B) and analyzed by flow cytometry. Data from duplicate are expressed as mean ± SEM. ***p < 0.0001.




DISCUSSION

The use of a cell line for studying in vitro infections is a useful tool to analyze distinct aspects of Leishmania biology. Macrophage cell lines from different origins are favorable to Leishmania infection. Thus, the achievement of a canine macrophage–like cell line DH82 prompted us to characterize aspects of the infection with two different species of Leishmania. Interestingly, a study comparing the infectivity of different macrophages (mouse, human and dog) by L. infantum showed that DH82 canine macrophages, and not the murine macrophages (bone marrow and peritoneal), had a more similar infection when compared to human peripheral blood macrophages (Maia et al., 2007). These reinforce the need to better understand the dynamics and conditions of Leishmania infection in a canine cell line, which could be used as experimental model to test drugs, to investigate signaling pathways or modulation of the immune response. Thus, we compared the ability of two different Leishmania species to interact with DH82 and RAW264.7 macrophages. It was observed that L. amazonensis promastigotes better interacted and were phagocytosed by both canine and murine macrophages, compared to L. infantum ones. The ability of DH82 canine macrophages to be infected by a protozoa have been demonstrated using Trypanosoma cruzi and L. infantum (Maia et al., 2007; Mendonça et al., 2017). Another study comparing infection of Yersinia pestis bacteria between DH82 and RAW264.7 macrophages showed an infection rate of >90% in both macrophages after 2.5 h p.i. (Ponnusamy and Clinkenbeard, 2012). Our data demonstrated that DH82 macrophages were able to interact with Leishmania parasites; however, the uptake rate is lower when compared to RAW264.7 murine macrophages, probably by the difference of molecules involved in parasite recognition presented by these cells. Little is known about the molecules expressed by DH82 canine macrophages, although the presence of Fc receptors, CD44 and TLR4, was already detected in these cells (Wellman et al., 1988; Alldinger et al., 1999; Fujimoto et al., 2012); other receptors need to be characterized.

Although the analysis of parasites per cell in 24 and 48 h post-infection showed that the number of parasites in L. amazonensis–infected DH82 cells was higher compared with that in RAW264.7 ones, there is no significant difference in the number of parasites per cell in 24 and 48 h in L. amazonensis–infected DH82 cells, which suggests that the parasite is not multiplying. The same is observed in RAW 264.7. On the other hand, when we observed the % of infected macrophages, only the point of 48 h was higher in L. amazonensis–infected DH82. This may be due to the difference in duplication time of these cells (Barnes et al., 2000; Sakagami et al., 2009; Maeda et al., 2016). Curiously, this difference in % of infected macrophages was not observed in L. infantum DH82 interaction compared to RAW264.7 cells. Comparing the data of survival and the parasite load, the different duplication times between these macrophages (Barnes et al., 2000; Sakagami et al., 2009; Maeda et al., 2016) may have influenced the parasite count in stained assays.

The comparison of L. infantum survival after 24 h of infection in different macrophages showed that DH82 macrophages and human peripheral blood monocytes infected with L. infantum isolated from human and dog samples were less permissive and have a lower number of amastigotes per macrophages compared to mouse bone marrow–derived and mouse peritoneal macrophages (Maia et al., 2007). In our data, the parasite survival analysis of L. amazonensis showed a reduction on parasite after 48 h of interaction in both macrophages; however, this reduction was minor in DH82 macrophages compared to RAW264.7 ones. The same was observed in Leishmania infantum survival inside both macrophages. No difference in the number of parasites per cell was observed in both macrophages in 24 or 48 h, indicating that the parasite is not multiplying. A study using canine peritoneal macrophages showed that L. amazonensis, L. braziliensis, and L. infantum infect the cells and after 24 h of infection the difference on the % of infected cells disappeared (Madeira et al., 1999). Although L. infantum is implicated in canine leishmaniasis, the detection of other species of Leishmania in naturally infected dogs has been reported (Sanches et al., 2016; Valdivia et al., 2017; Alves Souza et al., 2019).

It has long been described that macrophages produce reactive species, such as superoxide ([image: image]) anion, hydrogen peroxide (H2O2), and also nitric oxide (NO) in high quantities as an efficient mechanism to control intracellular pathogens (Gantt et al., 2001; Piacenza et al., 2019). NO production analysis showed that DH82 macrophages failed to increase the number of DAF+ macrophages after any stimuli used, such as LPS, L. amazonensis, or L. infantum. Similarly, the production of NO was also evaluated in DH82 macrophages during Trypanosoma cruzi infection, and an increase in this mediator was also not observed after infection or stimulus with LPS and IFN-γ (Mendonça et al., 2017). Curiously, Wasserman et al. (2012) showed that unstimulated DH82 canine cells presented around 90 μM of nitrite detected by the Griess reaction, but the cells failed to respond when it was stimulated with LPS from 0.1 to 10 μg/mL. On the other hand, RAW264.7 murine macrophages augmented NO production, when stimulated by LPS and during L. amazonensis and L. infantum infection, reaching up to 60% of the cell population expressing NO during L. amazonensis infection.

The same profile was observed in ROS production by both cells. L. amazonensis infection induced tROS production by RAW264.7, but not by DH82 cells. On the other hand, L. infantum infection did not induce ROS production by none of the two macrophages tested, and yet the tROS as well as mitROS quantity observed in DH82 cells was lower than in RAW264.7 ones. Recently, the involvement of ROS production in inducing inflammasome activation and restricting L. amazonensis infection was demonstrated in murine bone marrow–derived macrophages (Lima-Junior et al., 2013, 2017). A study about IL-1 maturation showed that RAW264.7 murine macrophages did not have apoptotic speck-like protein with a caspase-activating recruiting domain for an efficient inflammasome activation (Pelegrin et al., 2008). It is not known if DH82 canine macrophages have all the proteins to assemble an efficient inflammasome, and further studies should be done to clarify this issue.

The balance of arginase and NO synthase in the control of Leishmania growth is well-established (Green et al., 1990; Gantt et al., 2001; Iniesta et al., 2001; Van Assche et al., 2011). Interestingly, when we analyzed arginase activity in both macrophages, it was observed that uninfected or unstimulated DH82 canine macrophages have higher arginase activity compared to RAW264.7 cells and their stimulation with IL-4 or Leishmania infection did not increase it. On the contrary, RAW264.7 murine macrophages have lower arginase activity which was increased after IL-4 incubation; however, Leishmania did not modulate it. The importance of arginase activity in the proliferation of Leishmania has been demonstrated (Iniesta et al., 2001), since its inhibition augments Leishmania killing by macrophages.

The difference in NO and ROS production and arginase activity between DH82 and RAW264.7 macrophages may explain the infection rates observed. Although the initial association rate (2 h) of L. amazonensis with both macrophages was similar, the infection rate at 48 h in RAW264.7 cells was significantly lower than in DH82 ones. Nevertheless, when we evaluated the parasite load after 48 h of infection, it was similar in both macrophages suggesting that other mechanisms should be involved in this latter phenomenon, which still needs to be investigated.

Cytokines are key mediators for determining the modulation of the immune response; thus, it is essential to characterize cytokines produced by macrophages during Leishmania infection. Few works demonstrated cytokine profile in Leishmania-infected RAW264.7 murine macrophages. The production of IL-10 in the supernatant of L. amazonensis–infected RAW264.7 cells was observed after 72 h of infection and the use of an antibody to abrogate it, preventing L. amazonensis proliferation (Pereira et al., 2010). In L. infantum–infected RAW 264.7 cells, the presence of IL-10 in culture supernatants at 24 h post-infection was also reported (Figueiredo et al., 2017). Our results corroborated that, since we observed IL-10 RNAm expression in RAW264.7 murine macrophages infected by both species. Besides, L. infantum infection also induced TGF-β and IL-12 mRNA expression. In the murine model of infection, an inhibition of IL-6 production in L. amazonensis–infected macrophages was observed (Craig et al., 2017). Our data showed that L. infantum induced IL-6 mRNA expression in canine DH82 macrophages, although it is a cytokine of acute phase produced by different cell types; this cytokine is involved in Th2 differentiation, which could influence the arginase activity (Diehl and Rincón, 2002).

For the first time, our work evaluated the expression of cytokines in Leishmania-infected DH82 canine macrophages, and similarly to L. amazonensis–infected RAW264.7 cells we also observed an increase in the expression of IL-10 mRNA in canine DH82 macrophages; however, L. infantum–infected DH82 cells induced IL-12 mRNA. None of the Leishmania species we tested induced TGF-β in DH82 canine macrophages in a significant manner, although an upward trend was observed. The cytokine profile in T. cruzi–infected DH82 cells showed the presence of IL-10, TGF-β, and TNF-α (Mendonça et al., 2017). The induction of IL-10 during L. amazonensis infection could explain the high amount of parasite observed at 48 h post-infection in comparison to L. infantum.

MHC and co-stimulatory molecules are important signals required by T cells to be activated, and down-modulation of these molecules is an escape mechanism of the immune response. Actually, it was already shown that L. amazonensis and L. mexicana amastigotes inside the parasitophorous vacuole degrade MHC class II molecules (De Souza Leao et al., 1995; Antoine et al., 1999; Costa et al., 2018), without affecting CD86 expression (Costa et al., 2018). Nevertheless, a study in canine peripheral blood monocyte–derived macrophages showed an upregulation of MHC molecules in cells infected with L. infantum in the presence of T cells in vitro (Diaz et al., 2012). Here we did not observe induction of MHC or CD86 expression in none of the cell lines during L. infantum infection. Meanwhile, L. amazonensis induced MHC expression in both cell lines. Interestingly, L. amazonensis downregulated CD86 expression induced by LPS in RAW264.7 cells. Interestingly, ROS and NO production is also not stimulated in DH82 by LPS, showing a low responsiveness to this stimulant by these cells in relation to RAW264.7 cells. Synergism and higher MHC expression were obtained after stimulation of both cell lines by LPS and L. amazonensis compared to each of the isolated stimuli. Remarkably, increased MHC and CD80 expression in DH82 cells was obtained upon stimulation with LPS plus IFN-γ (Mendonça et al., 2017). Recently, it was shown that the DH82 cell line is able to differentiate in the M2a subtype upon IL-4 and IL-13 human cytokine stimulation. The cells did not augment CD206 expression, but express FCεRI independent of stimuli, and upregulated CD163 and IL-10 gene expression. Our results showed that these cells express low levels of CD86 and MHC after LPS and/or Leishmania infection compared to RAW264.7 murine cells. Besides having high arginase activity, all this configures that this cell line could be an M2 subtype macrophage model to study Leishmania infection.

Taken together, our results show that although DH82 canine and RAW264.7 murine macrophages present different infection profiles after the initial Leishmania infection and differently modulate the macrophage response, after 48 h of infection, the parasite load profile is similar. Further studies are necessary in order to elucidate other possible mechanisms involved in Leishmania immunomodulation of these macrophage lines.
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