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Abstract
[bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK180][bookmark: OLE_LINK159][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK137][bookmark: OLE_LINK138]During its intra-erythrocytic development, the malarial parasite Plasmodium falciparum synthesizes insoluble hemozoin (HZ) crystals that are released into the circulation upon rupture of parasitized red blood cells, and rapidly phagocytized by host mononuclear cells. Here, HZ persists undigested, causing functional impairment and possibly leading to increased host susceptibility to secondary infections. In patients with malaria and visceral leishmaniasis (VL) co-infections, HZ-loaded macrophages are likely to co-harbor Leishmania donovani parasites, but whether this might influence the course of the Leishmania infection is unknown. In this study, L. donovani amastigote growth was monitored in mouse RAW 264.7 macrophages and PMA-differentiated THP-1 cells previously exposed to increasing amounts of HZ or its synthetic analogue -hematin (BH). Latex beads were used as a phagocytic control. Data demonstrate that phagocytosis of HZ and BH by RAW 264.7 cells promoted infection therein by L. donovani parasites in a dose-dependent fashion. Similar results were not observed when using THP-1 cells, despite a clear persistence of undigested heme up to 48 h after phagocytosis. 
[bookmark: OLE_LINK108][bookmark: OLE_LINK115]Conditioning with lipopolysaccharide (LPS)/interferon-gamma (IFN- prior to Leishmania infection triggered the release in RAW 264.7 cells of nitric oxide (NO), a highly leishmanicidal metabolite. However, neither HZ nor BH pre-ingestion were able to inhibit NO production following stimulation with LPS/IFN-, suggesting that the HZ- and BH-promoting effect on L. donovani infection occurred with an NO-independent mechanism. In conclusion, these preliminary findings highlight a possible detrimental effect of HZ on the course of VL, warranting further investigation into the clinical relevance of the current models. 
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Introduction
[bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK63][bookmark: OLE_LINK64]Immunosuppression is a major hallmark of Plasmodium falciparum malaria.1,2 Its effects range from an impaired response to certain vaccines3 to an increased susceptibility for bacterial (most notably Gram negative bacteria), viral and protozoal infections.4-11 Data on all-cause child mortality across sub-Saharan Africa suggest that the indirect burden of malaria, largely caused by its secondary infections, may equal the direct burden of disease,9,11-14 with young children bearing the brunt due to their immunological immaturity. Interestingly, whilst immunopathology of severe malaria predominantly arises from excessive host inflammation,15 the risk of developing malaria co-morbidities mainly relies on its immunosuppressive effects.1,5 
[bookmark: OLE_LINK86][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK52][bookmark: OLE_LINK57][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK134]To date, no single mechanism can explain the immunomodulating effects of malaria completely, but several parasite-driven abnormalities in the innate immune function have been shown to compromise host ability to clear infections.16-18 Phagocytic cell functions, in particular, were found to be deranged by the ingestion of malaria pigment (hemozoin, HZ),16,17,19,20 an insoluble polymer of β-hematin crystallites produced by the malaria parasite to dispose of toxic free heme. While growing inside the red blood cells (RBCs), P. falciparum digests considerable amounts of host cell hemoglobin, releasing free heme that accumulates in the food vacuole upon conversion to HZ. At schizont burst, the pigment is expelled into the blood stream where it is avidly phagocytized, along with HZ-containing late parasite stages (trophozoites and schizonts), by circulating and resident phagocytes (granulocytes, monocytes and macrophages). Evidences of HZ accumulation in the microvasculature of deep organs and their tissues (spleen, liver, bone marrow, kidney, lung and brain) confirm that the malaria pigment persists undigested within the host leukocytes,20-22 where it exerts a variety of biological effects. HZ-loaded monocytes, in particular, appear to be viable, but functionally impaired, failing to repeat phagocytosis,17 to generate oxidative burst upon appropriate stimulation,17-23 or to kill ingested bacteria, fungi or tumor cells.16 In addition, ingestion of HZ causes the monocytes/macrophages to release large amounts of cytokines (IL-1,24 IL-12,25 TNF-,24-27 and IL-1025), chemokines (MIP-1 and MIP-1[27]) and nitric oxide (NO),28 while altering membrane translocation and activity of protein kinase C (PKC),29 Major Histocompatibility Complex (MHC) class II-dependent antigen presentation30 and differentiation and maturation to monocyte-derived dendritic cells (DCs).31 Whether those effects are caused by the HZ itself, however, remains controversial, as recent studies suggest that other HZ-associated molecules, such as Plasmodium DNA,32 host fibrinogen33 or RBC lipids34 may be responsible for the immunomodulating activity of the malarial pigment. 
[bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK145][bookmark: OLE_LINK146]Pathogenic manipulation of the host immune system is not unique to P. falciparum infection; on the contrary, it is a common feature of several microbial survival strategies.35,36 In some cases, as for the macrophage-tropic parasites of the Leishmania donovani complex, the pathogen has evolved mechanisms that enable it to resist intracellular destruction and to proliferate within the reticuloendothelial system.37 Following transmission to the vertebrate host, L. donovani promastigotes are largely engulfed by macrophages of the inner organs (spleen, liver and bone marrow especially), where they differentiate into obligate intracellular amastigotes that reside within the phagolysosomal compartment. Here, Leishmania parasites disrupt several key functions involved in the microbicidal activities of macrophages, including their ability to produce NO and radical oxygen species (ROS), to perform proteolytic digestion and to activate adaptive immunity via antigen presentation and cytokine release.37 This suggests the possibility that subversion of macrophage functions by other pathogens or related products, such as the Plasmodium HZ, might benefit the survival of Leishmania parasites.
[bookmark: OLE_LINK174][bookmark: OLE_LINK175]In areas where malaria and visceral leishmaniasis (VL) are co-endemic, co-infections with the two pathogens have been documented.38-41 However, little is known on how the two infections impact each other in the co-infected host. Early studies conducted in animal models have produced conflicting results on the effect of the two diseases upon each other, with mice suffering from an exacerbated leishmanial disease course42-44 and golden hamsters remaining unaffected.45 In particular, doubts remain as whether HZ accumulation in the macrophages may affect L. donovani growth therein. The present study represents the first attempt to address this question. In this experimental setting, human and murine macrophage-like cells were allowed to phagocytize increasing amounts of P. falciparum native HZ and its synthetic form (-hematin, BH), prior to being infected with L. donovani promastigotes. After removal of non-internalized parasites, intracellular amastigote growth was monitored using the previously described trypanothione reductase (TryR)-based assay.46 The possible involvement of the NO pathway was assessed by stimulating the cells with LPS/IFN- and by measuring the levels of nitrites/nitrates in the corresponding supernatants. Finally, persistence of HZ and BH heme was monitored overtime in PMA-differentiated THP-1 cells and compared to a control of anti-Rhesus IgG treated RBCs.
Materials and methods
Cell and parasite cultures
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]The murine RAW 264.7 macrophage cell line (ATCC: TIB-71)47 and the human THP-1 monocyte cell line (ATCC: TIB 202)48 were grown in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma Aldrich Co., St Louis, USA), HEPES 25 mM, L-glutamine 2 mM, penicillin 100 IU/mL and streptomycin 100 g/mL, in a 5% CO2 atmosphere at 37 °C. Prior to each experiment, cells were sub-cultured once in IMDM medium supplemented with 10% heat-inactivated FBS, HEPES 25 mM, L-glutamine 2 mM, penicillin 100 IU/mL and streptomycin 100 g/mL. In vitro cultures of P. falciparum were adapted from Trager and Jensen.49 Briefly, the chloroquine-sensitive P. falciparum strains NF54 and 3D7 (MR4/ATCC: MRA-1000 and MRA-102) were grown at 5% hematocrit (0+ human erythrocytes) in RPMI-buffered medium supplemented with 10% heat-inactivated human AB+ serum (Sanquin, Amsterdam, the Netherlands) and 50 g/mL gentamycin. Cultures were maintained at 37 °C in candle jars under continuous agitation at 40 rpm/min and with daily refreshment of medium. When parasitaemia exceeded 7-8%, sub-cultures were made. 
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]The antimonial-resistant L. donovani strain MHOM/IN/2010/BHU814, isolated by Prof. S. Sundar at the Banaras Hindu University, Varanasi, India,50 was kindly provided by Prof. J. C. Dujardin, Institute of Tropical Medicine, Antwerp, Belgium. Promastigotes were maintained at 27 °C with a weekly passage in RPMI-1640 medium supplemented with 15% FBS, HEPES 25 mM, L-glutamine 2 mM and 1% antibiotics. For infection of RAW 264.7 and THP-1 cells, promastigotes were diluted in IMDM medium supplemented with 10% heat-inactivated FBS, HEPES 25 mM, L-glutamine 2 mM, penicillin 100 IU/mL and streptomycin 100 g/mL. All cell culture reagents were purchased from Gibco (Bleiswijk, the Netherlands), unless otherwise stated.
Preparation of native hemozoin (HZ) and -hematin (BH) 
[bookmark: OLE_LINK215][bookmark: OLE_LINK216]For isolation of hemozoin (HZ), mature-stage P. falciparum cultures were washed three times with serum-free RPMI-buffered medium and fractionated at 25% hematocrit on a discontinuous Percoll (GE Healthcare, Uppsala, Sweden)/4% sorbitol (wt/vol) gradient (0, 40, 80%). After centrifugation at 2500 rpm, HZ was collected at the top of the gradient, 0-40% interphase, washed three times with phosphate-buffered saline (PBS) and stored at -20 °C. No further purification of HZ was undertaken to prevent removal of adherent molecules, such as membranes necessary for HZ opsonization and phagocytosis17 or P. falciparum DNA, involved in immune-modulation.51 Synthetic malaria pigment, -hematin (BH), was donated by Prof. D. Taramelli, University of Milan, Italy. BH was synthesized from hematin in methanol, as previously described,52 and its purity confirmed by infrared spectroscopy. The heme content of a weighed amount of HZ and BH dissolved in 1 M NaOH was determined against a standard curve of hemin (Sigma-Aldrich Co.), by reading its absorbance at 405 nm (Soret band) with an Infinite M200Pro multimode plate reader (Tecan, Männedorf, Switzerland). 
Phagocytic meals 
[bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK113][bookmark: OLE_LINK114]Hemozoin and BH along with latex beads or RBCs as controls were used as phagocytic meals. Latex beads served as phagocytic control when assessing the effects of HZ and BH on Leishmania intracellular growth and NO production, whereas RBCs were used as a control for the chemiluminescent assay measuring phagocytosis and overtime persistence of heme. The concentrations of HZ and BH used in the experiments were determined according to their heme content, while RBCs and latex beads were added in equivalent amounts, based on the assumption that one RBC contains approximately 2 fmol of heme.17 Immediately before the phagocytosis experiment, washed HZ, BH and latex beads were sonicated and opsonized with human plasma at 37 °C, 5% CO2 for 30 minutes, to enable binding to plasmatic fibrinogen.33 Thereafter, they were diluted to 10% hematocrit (or 10% vol/vol in the case of latex beads) in PBS supplemented with 10 mM glucose (PBS-G) and added to the cells. Washed uninfected RBCs were suspended at 20% hematocrit in PBS-G and incubated for 30 minutes at 37 °C, under a 5% CO2 atmosphere with human anti Rhesus IgG antibodies, according to the manufacturer’s instructions (Bio-Rad Laboratories Inc., Hercules, CA). Afterwards, RBCs were washed three times with PBS-G, re-suspended at 10% hematocrit in PBS-G and kept at 4 °C until used. 
Cell treatment 
[bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK62][bookmark: OLE_LINK65]THP-1 monocytes (2.5 x 105 cells/mL) were differentiated into adherent, non-dividing macrophage-like cells by a 72 h-incubation with 10 ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich Co.), subsequently removed by 3 washes in medium. On day 3 of THP-1 differentiation, RAW 264.7 cells were seeded at 5 x 105 cells/mL in 96-well flat bottom tissue culture microplates (Greiner Bio-One, Alphen aan de Rijn, the Netherlands) and allowed to adhere for 4-5 h at 37 °C, 5% CO2. Pre-treatment with phagocytic meals was performed by incubating adherent THP-1 and RAW 264.7 monolayers overnight (unless otherwise stated) at 37 °C, 5% CO2, with increasing amounts of opsonized HZ, BH or latex beads or with culture medium as a control. After removal of non-ingested material by washing once briefly with water and twice with medium, part of the cells were stimulated for 8 h with 1 g/mL of lipopolysaccharide (LPS from E. coli 0111:B4, Sigma-Aldrich Co.) and 100 IU/mL of human (Sigma-Aldrich Co.) or mouse (BioLegend, San Diego, USA) IFN-, prior to being incubated overnight with stationary-growth phase L. donovani promastigotes at a parasite/cell ratio of 10/1. Non-internalized promastigotes were then removed by washing cells three times in excess of medium and the cultures re-incubated at 37 °C, 5% CO2 for an additional 72 h. A number of non-infected control cells treated as described above was also included in each experiment for both cell lines. In all experiments, RPMI-1640 medium (used for long-term culturing) was replaced by IMDM medium, due to incompatibility of the former with NO measurements (RPMI-1640 medium contains large amounts of nitrites/nitrates).
Assessment of Leishmania growth 
[bookmark: OLE_LINK147][bookmark: OLE_LINK150][bookmark: OLE_LINK21][bookmark: OLE_LINK22]The growth of L. donovani parasites in THP-1 and RAW 264.7 cells was assessed by measuring the activity of a parasite-specific enzyme, the TryR, as previously described.46 Briefly, after a pre-wash with PBS, cells were chemically lysed by a 15 min incubation with a lysing buffer (200 L/well), consisting of EDTA (1 mM), HEPES (40 mM), Tris (50 mM; pH 7.5) and Triton X-100 (2% vol/vol), and supplemented immediately prior to use with the protease inhibitor phenylmethanesulfonyl fluoride (1 mM). Enzymatic reduction of T[S]2 (Bachem AG, Bubendorf, Switzerland) was monitored in a 200 L reaction mixture consisting of 75 L of sample lysate, 25 L of NADPH 1.6 mM (Sigma-Aldrich Co.), 75 L of T[S]2 200 M and 25 L of DTNB 800 M (Sigma-Aldrich Co.). A blank was set for each sample, consisting of sample lysate supplemented with the reaction mixture described above, in which the substrate T[S]2 had been replaced by Tris 0.05 M buffer, pH 7.5. After 2 h of incubation for the RAW 264.7 cells and 3 h of incubation for the THP-1 cells at 27 °C, absorbance was measured with an Infinite M200Pro multimode plate reader at a wavelength of 412 nm. The optical density, as measured in the blank, was subtracted from the corresponding sample signal, yielding the enzyme-specific activity responsible for reduction of the DTNB. 
Microscopy 
[bookmark: OLE_LINK290][bookmark: OLE_LINK291]Microscopic examinations were performed with an optical microscope (Leitz, Wetzlar, Germany), using a 10x ocular and a 100x oil-immersion objective. Cells were plated onto 16-well or 4-well chamber slides (Lab-Tek, Nunc, Waltham, USA) at the same concentrations as for the culture plates, and treated as described above. After 72 h of incubation with Leishmania parasites or culture medium (for uninfected cells), cell supernatants were discarded and the slides subjected to methanol-fixation and Field’ staining. Pictures were acquired with a MikroCam microscope camera (Bresser GmbH, Rhede, Germany). Microscopic counts of parasites were expressed by mean of the parasite index (percentage of infected macrophages × mean number of amastigotes per macrophage), after examining a minimum of 100 macrophages per sample. The average number of cells containing HZ, BH or latex beads was assessed on the same slides, after examining a minimum of 100 macrophages per sample in two replicate samples.
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Assessment of cell viability
[bookmark: OLE_LINK67][bookmark: OLE_LINK68]Viability of cells exposed to the various phagocytic meals was measured by monitoring the reduction of the alamarBlue reagent (Bio-Rad Laboratories). In this assay, the non-fluorescent resazurin dye contained in the alamarBlue reagent is reduced by the activity of viable cells, resulting into a highly fluorescent product (resorufin) that serves as an indicator of cell growth. The assay can be used to monitor cytotoxicity, too, as nonviable cells are unable to convert resazurin into resorufin following loss of their enzymatic activity and can be easily distinguished from living cells. Uninfected RAW 264.7 and PMA-differentiated THP-1 cells exposed to increasing amounts of opsonized HZ, BH or latex beads, or to culture medium as a control, and in the presence or absence of LPS/IFN- were incubated with the alamarBlue reagent (10% vol/vol) at 37 °C, 5% CO2. After 2 h of incubation, fluorescence was measured with a Tecan Infinite M200Pro multimode plate reader, with excitation and emission wavelengths of 560 and 590 nm, respectively, and a plate-tailored optimal gain setting. Measurements were taken on the same day that the TryR-based assay was performed to assess the growth of Leishmania in infected cells. Viability of infected cells was not determined, as the Leishmania parasites contribute to reduction of resazurin, thereby interfering with the assay.
Nitric oxide (NO) measurement in cell supernatants
Nitric oxide determination in cells supernatants was based on quantification of total nitrite and nitrate contents by the Griess reaction,53 performed according to manufacturer’s instructions (Assay Designs, Inc., Ann Arbor, USA). Briefly, aliquots of (pre-diluted) cell-free supernatants were diluted with NADH (25 L) and nitrate reductase (25 L) for conversion of nitrates into nitrites. Samples were then incubated with 50 L of 2% sulfanilamide and 0.2% N-(1-Naphthyl)ethylenediamine in 2 M hydrochloric acid, at room temperature, for 10 minutes. Total nitrite concentration was determined against a standard curve by measuring the optical density at 540 nm with an Infinite M200Pro multimode plate reader.
Assessment of HZ and BH phagocytosis 
[bookmark: OLE_LINK171][bookmark: OLE_LINK182][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK53]Phagocytosis of HZ and BH by the adherent cells was quantified by measuring the chemiluminescence generated by the peroxidase activity of the heme.54 At alkaline pH, heme catalyzes the production of chemiluminescence by luminol and tert-butylhydroperoxide, in amounts that are proportional to the heme concentration. For this purpose, cells were incubated for 3 h with anti-Rhesus IgG treated RBCs as a control (30 RBCs/cell) or with opsonized HZ or BH in equivalent amounts, as determined by their heme content. After removal of non-internalized material, cells were chemically lysed and assessed for their chemiluminescent signal (time point 0 h) or re-incubated for later assessments (15, 24 or 48 h). The chemiluminescent assay was performed as previously described,54 with some modifications. Briefly, adherent cells were lysed in 100 L NaOH 0.1 N containing 0.05% (vol/vol) Triton X-100 and 3 mM EDTA. The lysate (5 L) was then assayed in 96-well flat bottom white plates (Greiner Bio-One) containing 100 L luminol (Fluka, Sigma-Aldrich Co.) 1 mg/mL, prepared by diluting a 10 mg/mL stock solution of luminol in DMSO with NaOH 0.1 N/EDTA 3 mM. Chemiluminescence was elicited by injecting 100 L of a tert-butylhydroperoxide (Sigma-Aldrich Co.)/EDTA solution (80% tert-butylhydroperoxide in di-tert-butyl peroxide/water 3:2 diluted 2.2 times in 0.1 N NaOH/EDTA 3 mM), which triggered photon emission and counting. Photon counting was performed with an Infinite M200Pro multimode plate reader, using an integrated photon counting time set at 2000 milliseconds. Photon counts per cell were transformed into a number of RBC ingested per cell (RBC equivalent) by comparison with the signal produced by a known amount of heme contained in the HZ and BH samples. Each phagocytosis value represents the average of data obtained from three different wells.
Data analysis
[bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK270]Data analysis was performed using Microsoft Excel (Microsoft Office Inc., Seattle, USA) and Prism V5.03 software (GraphPad Prism, Software Inc.; San Diego, USA). Graphically displayed data were examined by mean of visual analysis only, being the sample size too small for any meaningful statistical analysis. 
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]Results
Phagocytosis of HZ, BH and latex beads
Exposure of PMA-differentiated THP-1 cells and RAW 264.7 cells to increasing amounts of opsonized HZ, BH or latex beads resulted in the internalization of these three phagocytic meals, as confirmed by the microscopic (Fig. 1A) and chemiluminescent (Fig. 1B) assessments performed 96 h later. Cells displaying HZ crystals were more numerous than those containing BH – a result that can be easily explained by the tendency of BH to aggregate and form bigger clusters – but the amount of heme persisting in the samples, albeit dose-dependent in the case of HZ, did not always exceed the one in BH-laden cells (Fig. 1B). Latex beads were more avidly phagocytized than were HZ and BH, as judged by the number of macrophages containing this phagocytic meal, but the overall number of beads in the sample was not quantified. 
Phagocytosis of HZ and BH promotes growth of L. donovani amastigotes in RAW 264.7 cells, but not in THP-1 cells
[bookmark: OLE_LINK43][bookmark: OLE_LINK44]To assess the potential effect of malarial pigment ingestion on L. donovani growth, RAW 264.7 and PMA-differentiated THP-1 cells were incubated with increasing amounts of opsonized HZ, BH or latex beads prior to being infected with L. donovani promastigotes. Intra-macrophage amastigote growth was then assessed 72 h later, by measuring the activity of TryR. This enzyme acts as a good indicator of Leishmania growth, as demonstrated by the high level of correlation between enzymatic activities and microscopic counts in infected THP-1 cells (Fig. 2). For infected RAW 264.7 cells, a similar dose-dependent curve was obtained when plotting the TryR activities against the number of seeded host cells (data not shown), but the enzymatic activities could not be related to the microscopic counts, as the different seeding densities resulted in different cell growth rates that disproportionally affected the parasite indexes – these indexes express the relative, rather than absolute, parasite loads and are directly influenced by the total number of host cells in the sample. 
Phagocytosis of HZ and BH by RAW 264.7 cells substantially increased the uptake and/or intracellular replication of L. donovani, as confirmed by its enhanced enzymatic activity in cells pre-exposed to HZ and BH versus control infected cells (Fig. 3). The effect followed a dose-dependent course and became more pronounced at the concentrations of 25 and 50 g/mL. Conversely, ingestion of latex beads by the RAW 264.7 cells resulted in a slight or no alteration of L. donovani loads in comparison with the control infected cells. When PMA-differentiated THP-1 cells were pre-treated with HZ, BH or latex beads, no clear effect was observed on parasite growth, for which comparable signals to the control infected cells were displayed (Fig. 3). 
[bookmark: OLE_LINK34][bookmark: OLE_LINK37][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Activation of macrophages by LPS/IFN-following exposure to phagocytic meals partly inhibited the parasite-promoting effect displayed by HZ and BH, leading to a dose-dependent, but highly variable improvement of Leishmania growth in RAW 264.7 cells containing the malarial pigment (Fig. 3). Addition of LPS/IFN-to THP-1 cells resulted in no clear pattern on the L. donovani load in cells pre-treated with phagocytic meals, despite an overall, but considerably variable increase in parasite numbers per effect of HZ (Fig. 3). 
Phagocytosis of HZ, BH or latex beads does not affect cell viability
To exclude that HZ- and BH-laden cells may have suffered from potential cytotoxic effects upon internalization of the malarial pigment, viability of RAW 264.7 and PMA-differentiated THP-1 cells was investigated. Overall, phagocytosis of HZ, BH or latex beads appeared to neither reduce nor improve survival of macrophage-like cells as compared to the control cells, regardless of whether cells were subsequently treated with LPS/IFN- or not (Fig. 4), indicating that in our experiments, none of the phagocytic meals was cytotoxic. Notwithstanding, a dose-dependent, but highly variable increase in resazurin reduction rate was evident for RAW 264.7 cells exposed to opsonized HZ, BH or latex beads, suggesting either an increased antioxidant capacity triggered by the phagocytic process or, more likely, a delay in cell apoptosis.
HZ and BH promote infection by L. donovani with an NO-independent mechanism
Nitric oxide is a major mammalian secretory product involved in the microbicidal activity of macrophages against a number of intracellular pathogens, including Leishmania parasites. Its release from LPS- and/or IFN--stimulated macrophages has been shown to be impaired or potentiated, respectively, following ingestion of malarial pigment by immortalized or primary murine macrophages,28,55,56 supporting a possible NO-mediated mechanism for the promoting effect displayed by HZ on L. donovani growth. To verify this hypothesis, the total content of two stable NO breakdown products, nitrites and nitrates, was measured in cell supernatants, providing an indirect assessment of NO interaction in the biological system. 
[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK69][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Infection of RAW 264.7 and PMA-differentiated THP-1 cells by L. donovani did not trigger release of NO, as confirmed by the comparable amounts of nitrites and nitrates detected in the supernatant of uninfected and infected cells (Table 1). Similarly, pre-exposure of both RAW 264.7 and PMA-differentiated THP-1 cells to HZ, BH or latex beads did not alter cellular NO production either in L. donovani-infected cells (Fig. 5) or in uninfected cells (data not shown). Activation of cells by LPS/IFN- resulted in considerable differences between RAW 264.7 and PMA-differentiated THP-1 cells. Whilst the latter showed no change in the supernatant level of nitrites and nitrates following addition of LPS/IFN-(Table 1), neither after ingestion of phagocytic meals nor in the presence of L. donovani parasites (Fig. 5, Table 1), in line with previous reports57-59 and in contrast with others,60,61 RAW 264.7 cells markedly up-regulated NO release in response to immunomodulatory agents (Table 1). This increased production of NO did not affect infection by L. donovani, for which comparable, although highly variable, parasite loads were observed in unstimulated and LPS/IFN-stimulated RAW 264.7 cells (Table 1). Conversely, consistently decreased parasite loads were observed in LPS/IFN-stimulated THP-1 cells (Table 1). Cell exposure to HZ, BH or latex beads prior to LPS/IFN-stimulation did not reduce NO release from RAW 264.7 cells neither in uninfected nor in L. donovani-infected cells. On the contrary, it displayed a slightly stimulating effect, which was evident with latex beads and, to a lesser extent, with BH (Fig. 5).
Persistence of HZ and BH over time
[bookmark: OLE_LINK54]To investigate whether the lack of effects displayed by HZ and BH in THP-1 cells might have been due to a reduced internalization of the malarial pigment and/or its degradation, cellular phagocytosis of HZ and BH was assessed overtime in PMA-differentiated THP-1 cells, by measuring the chemiluminescence generated by the peroxidase activity of the heme group (Fig. 6). Measurement of heme content immediately after removal of non-internalized material revealed that THP-1 cells avidly phagocytized BH as well as HZ, despite a 3-fold difference in the number of RBC equivalents per cell. The difference became particularly striking with respect to the anti-D treated RBCs, for which less than 2 RBC equivalents/cell were measured. When measured overtime, the heme contained in the HZ and BH showed to persist undigested within the cells, whereas the heme contained in the anti-D treated RBCs was progressively degraded.
Discussion
[bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK38][bookmark: OLE_LINK47][bookmark: OLE_LINK82][bookmark: OLE_LINK85][bookmark: OLE_LINK125][bookmark: OLE_LINK126]The present study demonstrates that phagocytosis of native (HZ) and synthetic (BH) malarial pigment by RAW 264.7 cells promotes infection therein by L. donovani with an NO-independent mechanism. This conclusion is based on the following observations: (a) ingestion of HZ and BH, but not latex beads, prior to L. donovani infection resulted in a dose-dependent increase in the number of amastigotes; (b) infection with L. donovani did not trigger NO release neither in control nor in HZ- and BH-fed cells; (c) LPS/IFN- pre-conditioning did not hamper L. donovani infection despite triggering NO release and (d) activation by LPS/IFN- partly inhibited the Leishmania-promoting effect displayed by HZ and BH, with no effect on the NO levels as measured in the supernatant of LPS/IFN-stimulated cells fed with HZ- and BH versus the control cells. These results were not observed when PMA-differentiated human THP-1 cells were used instead of mouse RAW 264.7 macrophages, providing evidence of a species- and/or cell- specific effect. 
Accumulation of HZ in host leukocytes and organs is a characteristic, though non-pathognomonic, feature of blood-stage malaria. Its sequestration within the mononuclear system begins upon rupture of parasitized RBCs and continues throughout multiple generations of phagocytes,62,63 leading to the aggregation of undigested HZ crystals from different phagosomes and the functional derangement of their host cells. Accordingly, human monocytes fed with HZ failed to respond to IFN- stimulation,30 repeat the phagocytic cycle17 and kill ingested bacteria, fungi and tumor cells,16 raising the question that prompted this study, as whether HZ accumulation during malaria may alter the course of secondary infections. In this regard, associations between increased levels of HZ in pulmonary tissue and malaria-associated acute respiratory distress syndrome64 or between HZ and increased susceptibility of mice to Mycobacterium tuberculosis have been reported in the literature.65 Here, we provide evidence of a HZ- and BH-mediated enhancement of L. donovani infection load in RAW 264.7 cells. The effect in our study was shown to be dose-dependent and malarial pigment-specific, as phagocytosis of latex beads failed to trigger a similar outcome. Both HZ and BH exhibited Leishmania-promoting activities, but at equal content of heme, HZ was more effective in stimulating L. donovani growth. Multiple explanations may account for this observation, the most likely of which recognizes a cell-modulating activity to the non-hematin content of HZ (fibrinogen excluded, as both HZ and BH were plasma-opsonized). Addition of LPS/IFN- to the culturing medium resulted in the release by RAW 264.7 cells of large quantities of NO, the most powerful leishmanicidal agent produced by phagocytic cells.66 Intriguingly, production of this metabolite appeared not to affect L. donovani infection rates, in agreement with literature data reporting cross-resistance of Leishmania isolates to antimonial drugs and NO toxicity,67 but in contrast to the widely accepted notion that NO is detrimental to Leishmania survival. Additional testing examining the effect of macrophage activation before and after infection with Leishmania, using both susceptible and resistant strains, will be required to confirm this finding, particularly given the fact that highly variable infection rates were obtained in LPS/IFN--stimulated control RAW 264.7 cells. When cells were pre-treated with HZ and BH prior to LPS/IFN- stimulation, an increased production of NO was evident, but the effect was neither significant nor pigment-specific, as phagocytosis of latex beads appeared to trigger a similar outcome. Whilst this HZ- and BH-sustained release of IFN--inducible NO has been clearly demonstrated in a number of murine phagocytic cell lines,28,68 it finds no evidence in studies performed with mouse peritoneal macrophages, where a reduction in cytokine- and/or LPS-induced NO production was observed.55,56 This differential susceptibility of macrophages with different tissue origin has been attributed to the HZ-mediated induction of ROS, whose signaling pathway has been found to lead to ROS-dependent transcription factor up- or down-regulation in different cell types, according to their susceptibility to ROS.28 
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]To investigate whether degradation of the malarial pigment could have accounted for the lack of effects observed on L. donovani growth in THP-1 cells, the HZ and BH cell content was followed over time. In human monocytes, persistence of HZ results from inability of proteolytic enzymes to de-polymerize the HZ moiety and release free heme, while retaining full activity, as confirmed by the degradation of HZ-associated proteins.69 A similar scenario seemed to apply to our PMA-differentiated THP-1 cell model. When monitored up to 48 h after phagocytosis, in fact, these cells retained 36% and 100% of their initial HZ- and BH-heme content, respectively, whilst no RBC-containing heme could be detected 15-h post-incubation already. This partial decrease in the HZ-associated heme content is likely to be caused by degradation of HZ-bound heme proteins, given that the HZ used here was subjected to minimal purification, thus increasing the likelihood of a native-resembling pigment carrying proteins and RBC remnants. However, whether the differential phagocytic efficiency manifested by the cells towards the three meals may have partly biased the results is unclear, as cells were incubated with equal amounts of HZ, BH and RBCs, as established on the basis of their heme content, but appeared to have internalized as much as 26 and 3 times more BH than HZ and RBCs, respectively. Importantly, these findings on the intracellular stability of the malarial pigment appear to comply with the relative literature,69,70 showing persistence of undigested HZ within human monocytes, while they contrast with a previous report in which BH appeared to be degraded by RAW 264.7 macrophages.34 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In the present study, Leishmania growth was measured indirectly, through the activity of a parasite-specific enzyme, rather than by conventional microscopic counting, as visualization of Leishmania amastigotes was hindered by the presence of phagocytic meals in the host cells. This may cast doubt on whether the HZ- and BH-mediated increases in TryR activity truly arose from higher parasite burdens rather than from enzymatic up-regulation. Trypanothione reductase is constitutively expressed in Leishmania parasites.71 Its activity levels are not rate-limiting for the enzymatic regeneration of the thiol pool,72,73 which explains why overexpression of TryR does not alter the in vitro sensitivity of L. donovani to pro-oxidant agents, such as nifurtimox.72 Failure to amplify TryR in response to a number of compounds, including nifurtimox, was also evident in a previous study conducted by our group,46 wherein microscopy and the presently used TryR-based assay yielded comparable growth curves for the drug-sensitive L. donovani 1S strain. A linear correlation between TryR activities and parasite numbers as assessed by microscopy was also demonstrated here using a dilution series of differentiated THP-1 cells harboring L. donovani intracellular amastigotes. This supports the assumption that the increased TryR activities, as they were measured here, truly resulted from an improved growth of the antimonial-resistant strain L. donovani BHU814, with a rise in enzymatic activity likely resembling the increase in parasite numbers. It should be noted that increased levels of TryR have been described in L. donovani isolates unresponsive to sodium stibogluconate as compared with sensitive strains,74 but this feature appears to be part of a stable antimony resistance-associated phenotype, with little or no evidence of a transient TryR up-regulation in response to thiol depletors or TryR inhibitors. In any case, confirmation of increased parasite rates in HZ- and BH-fed cells using alternative assays, such as reporter gene-based methods,75 the promastigote transformation growth assay76 or quantitative PCR,77 would be beneficial to banish all doubts on the effect of the malarial pigment on TryR activity. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Additional testing that could confirm the findings reported here and help unveil the mechanisms behind them will be required, as current data do not provide sufficient evidence to truly speculate on them. In particular, emphasis should be given on understanding whether the improved Leishmania growth, as observed here, resulted from a reduced leishmanicidal activity of RAW 264.7 cells or from an enhanced parasite replication rather. Monitoring Leishmania growth overtime along with the release of NO and ROS may help addressing this important question, as it could clarify whether the increased Leishmania growth begins with an enhanced phagocytosis of promastigotes or arises only during the exponential growth phase of the parasites. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Supported by the geographical overlapping of malaria- and VL-endemic areas and the occurrence of co-infection cases, the true biological relevance of the present model roots in the visceral tropism of L. donovani spp. Within their mammalian host, in fact, parasites of the L. donovani complex infect the mononuclear phagocytes of liver, spleen and bone marrow, where most of the HZ accumulates and displays its cytotoxic effects. This supports the possibility that in a co-infected patient, HZ-fed macrophages may become host of L. donovani amastigotes. However, whether these cells will develop increased Leishmania parasitaemias, as observed with RAW 264.7 cells here, remains to be elucidated, particularly in the light of the discrepancies towards the THP-1-derived results. RAW 264.7 and PMA-differentiated THP-1 cells are commonly used surrogates of mouse and human macrophages, respectively, due to their high phagocytic activity, adherence capability and ease of culturing,47,48,78 but their interchangeability and equivalence to primary macrophages remains limited.79,80 This holds true, particularly, with respect to the hosting of Leishmania parasites, as some of the cellular pathways responsible for parasite clearance in vivo (e.g. NO release) remain silent in human monocytic cell lines when applying standard stimulation in vitro. Replication of the present experiments, including monitoring of HZ and BH degradation over time, in primary macrophages as well as in other cell lines (e.g., U937, Mono Mac 6, J774A.1 and IC-21) is, therefore, necessary to corroborate findings presented in our study and clarify their biological relevance with respect to human infections. Importantly, even in the absence of a HZ-mediated effect on human VL, a deep understanding of its effects on host cell biology may prove very useful for providing new insights into the cellular mechanisms of the host-parasite interaction, given that many of the cell functions impaired by HZ ingestion are likely to play a role in the intracellular parasitism of Leishmania spp. 
Conclusions
In conclusion, if the RAW 264.7 cell line may be considered as a model of the human macrophage behavior and the amounts of HZ and BH used be close to the physiological situation, it could be justly concluded that a recent or concomitant infection with P. falciparum is likely to exacerbate the course of VL in co-infected patients. On the other hand, if the PMA-differentiated THP-1 macrophages may more closely resemble the cells of the reticuloendothelial system, this would imply that data originating from mouse macrophage cell lines should be handled with great caution, as they may lead to misleading conclusions. In either case, further research is required to substantiate these preliminary findings and demonstrate their applicability to the complex reality of the malaria-VL co-infection.
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[bookmark: OLE_LINK288][bookmark: OLE_LINK289]Fig. 1. (A) L. donovani-infected RAW 264.7 cells (a-c) and PMA-differentiated THP-1 cells (d-f) pre-exposed to HZ (a, d), BH (b, e) or latex beads (c, f). RAW 264.7 cells and PMA-differentiated THP-1 cells were allowed to phagocytize 50 g/ml of HZ, BH or an equivalent amount latex beads overnight, prior to be washed and infected with L. donovani BHU814. After 72 h of incubation, microscopy slides were methanol-fixed, Field’ stained and examined with an oil immersion microscope (1000x magnification). The percentage of cells containing HZ, BH or latex beads was assessed after examining a minimum of 100 macrophages per sample in two replicate samples and the corresponding average values are indicated in the box at the top of each image (a-f). (B) Phagocytosis of HZ and BH by RAW 264.7 cells and PMA-differentiated THP-1 cells. RAW 264.7 cells and PMA-differentiated THP-1 cells were incubated overnight with increasing amounts of HZ or BH, prior to be washed and re-incubated with culture medium. Phagocytosis was assessed 96 h later (corresponding to the moment in which Leishmania growth was measured in infected cells) by measuring the chemiluminescence generated by the heme moieties. Data were calculated as the number of RBC equivalents (each RBC equivalent corresponds to 2 fmol heme) ingested in each microplate well and plotted as the means of three replicates. Data refer to one of the two experiments shown in Fig. 3-5. 

Fig. 2. Correlation between TryR-based activities and parasite indexes, as measured in a dilution series of L. donovani-infected cells. PMA-differentiated THP-1 cells were plated at concentrations ranging from 2.5x105 cells/mL to 2x106 cells/mL and infected with L. donovani BHU814 promastigotes at a ratio of 10 parasites per cell. After an overnight incubation, non-internalized parasites were removed and infected cells were re-incubated for an additional 72 h, prior to be assessed by the TryR-based assay or by light microscopy. Microscopic counts of parasites are expressed by mean of the parasite index (percentage of infected macrophages × mean number of amastigotes per macrophage), after examining a minimum of 100 macrophages per sample. The correlations between the TryR activities and the parasite indexes are shown. Data are plotted as the means ± standard error of the means (SEM) of three independent experiments, each one performed in quadruplicate for the TryR-based assay and in duplicate for microscopic counting.




[bookmark: OLE_LINK51][bookmark: OLE_LINK66][bookmark: OLE_LINK160][bookmark: OLE_LINK164][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK157][bookmark: OLE_LINK74][bookmark: OLE_LINK75]Fig. 3. Relative load of Leishmania donovani BHU814 amastigotes in cells pre-exposed to increasing doses of HZ, BH or latex beads, in the presence or absence of LPS/IFN- RAW 264.7 cells and PMA-differentiated THP-1 cells were allowed to phagocytize increasing amounts of HZ, BH or latex beads overnight, prior to be washed and stimulated for 8 h with culture medium or LPS/IFN-Thereafter, cells were infected with L. donovani promastigotes at a ratio of 1 to 10. After an overnight incubation, non-internalized parasites were washed away and cells were re-incubated for an additional 72 h, prior to be measured by the TryR-based assay. Data were calculated as the percentage of TryR activity in the treated sample versus the untreated control and plotted as the means ± standard error of the means (SEM) of two independent experiments, each one performed in triplicate. 
[bookmark: OLE_LINK162][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK170][bookmark: OLE_LINK158][bookmark: OLE_LINK161][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK127][bookmark: OLE_LINK128]Fig. 4. Viability of uninfected cells exposed to increasing concentrations of HZ, BH or latex beads, in the presence or absence of LPS/IFN- RAW 264.7 cells and PMA-differentiated THP-1 cells were incubated overnight with increasing amounts of HZ, BH or latex beads, prior to be washed and stimulated for 8 h with culture medium or LPS/IFN-Thereafter, cells were re-incubated with culture medium for an additional 96 h, after which reduction of the alamarBlue reagent was measured (corresponding to the moment in which Leishmania growth was assessed in infected cells). Data were calculated as the percentage of resazurin reduction in the treated sample versus the untreated control and plotted as the means ± standard error of the means (SEM) of two independent experiments, each one performed in triplicate. 
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32]Fig. 5. Nitric oxide (NO) release by Leishmania donovani BHU814-infected cells pre-exposed to increasing doses of HZ, BH or latex beads. RAW 264.7 cells and PMA-differentiated THP-1 cells were incubated overnight with increasing amounts of HZ, BH or latex beads. Thereafter, cells were washed and stimulated for 8 h with culture medium or LPS/IFN- prior to being infected with the antimonial–resistant strain L. donovani BHU814. Supernatants were harvested at 72 h and the level of NO2– and NO3– determined by the Griess reaction. Data were plotted as the means ± standard error of the means (SEM) of two independent experiments, each one performed in triplicate (the results of Leishmania growth for the same experiments are shown in Fig. 1). 
[bookmark: OLE_LINK183][bookmark: OLE_LINK184]Fig. 6. Time-dependent course of heme digestion in PMA-differentiated THP-1 cells exposed to anti-D treated red blood cells (RBCs), HZ or BH Data were calculated as the number of RBC equivalents ingested per cell (each RBC equivalent corresponds to 2 fmol heme) and plotted as the means ± standard error of the means (SEM) of two independent experiments, each one performed in triplicate. For anti-D IgG treated RBCs, data refer to a single experiment, performed in triplicate. 


Table 1. Nitric oxide (NO) release and relative burden of Leishmania donovani BHU814 in RAW 264.7 and PMA-differentiated THP-1 cells, after stimulation with culture medium or LPS/IFN-.
	
	NO release (M)
	% relative load of L. donovani

	
	medium
	LPS/IFN-
	medium
	LPS/IFN-

	RAW 264.7 cells
	
	
	
	

	uninfected
	1.00 ± 0.93
	29.35 ± 2.98
	
	

	L. donovani-infected
	0.71 ± 0.71
	31.04 ± 2.12
	100%
	90.03 ± 49.07%

	THP-1 cells
	
	
	
	

	uninfected
	0.47 ± 0.46
	0.40 ± 0.03
	
	

	L. donovani-infected
	0.47 ± 0.46
	0.42 ± 0.06
	100%
	68.45 ± 0.02%


Data are shown as the means ± standard error of the means (SEM) of two independent experiments, each one performed in triplicate. 
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