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Abstract

Leishmaniasis are a group of parasitic zoonoses provoked by protozoa from Leishmania genus and belonging
to the group of neglected tropical diseases. The search and development for new drugs is necessary not only
to investigate the activity against only the parasite, but also to investigate the possible synergistic effect of
new drugs with the immune response of the host. In the present review, macrophages are pointed out as
potential targets of the investigation of new antileishmanial drugs, and some methodologies in order to
assess their activation as response to Leishmania-infected cells are presented. Macrophages are an
important role in the cellular immune response, since they are cells from mononuclear phagocytic system,
the first line of defense of the host, against parasites from Leishmania genus. Phagocytic capacity, lysosomal
activity, increase of nitric oxide and intracellular calcium levels are parameters regarding assessment of
macrophages activation which allow them to be more hostile in order to solve the infection and lead the
patient to cure. In this context, we bring 19 substances already investigated and that activate macrophages,
what makes them promising in the antileishmanial treatment. Therefore, assessment of macrophages
activation, are important tools for discovery of immunomodulatory compounds which have potential to act
in synergism with host immune response. Such compounds might be promising as monotherapy in the
treatment of leishmaniasis, as well as being used as adjuvants in vaccines and/or in combination with
conventional drugs.

Keywords: Immunomodulation. Intracellular Calcium. Leishmaniasis. Natural Products. Nitric Oxide.
Phagocytosis.

1. Introduction

Protozoal infections are a worldwide public health problem, especially in underdeveloped or
developing countries, corresponding to 14% of the world population at risk of infection (Kondrashin et al.
2011; Waldron et al. 2011). Leishmaniasis is a neglected tropical disease included among protozoal
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infections, where 12 to 15 million people are infected worldwide with 1,5 to 2 million new cases occurring
every year, being endemic in 98 countries and spreading on at least 5 continents (WHO 2019)

The infectious potential of leishmaniasis is due not only to the socio-economic context, but also to
the high dissemination of the vector at urban areas (Harhay et al. 2011), and the ability of the parasite to
harbor and multiply in the hostile interior of cells highly specialized in destroying intracellular pathogens,
such as cells of the mononuclear phagocytic system, like the macrophages (Dumas et al. 1997; Naderer and
Mcconville 2008; Roy et al. 2014; Islamuddin et al. 2015).

The biological cycle of this parasite, begins when the female of the insect vector of the Phlebotominae
Family performs its blood repast, where promastigotes, the flagellate forms of the parasite, are present.
During repast, the female vomits the metacyclic promastigotes which immediately are phagocytosed by the
macrophages present on the skin of the vertebrate host. Then, the promastigotes become aflagellate, herein
denominated as amastigotes (Harhay et al. 2011). In order to survive inside host cells and then spread into
host organ, mechanisms of immune silencing and evasion are triggered in the presence of parasites in order
to escape from oxidative stress induced by positive hydrolases, lysosomal attack inside macrophage
vacuoles, and intracellular calcium which facilitates alterations of the cellular cytoskeleton. Moreover,
calcium acts as a microbicidal molecule and a fundamental tool in depolarization of F-actin, a protein which
invades the vacuoles and destroys the parasite (Dumas et al. 1997; Dolai et al. 2009).

The mechanisms underlying survival of intracellular amastigotes within macrophages and establish
parasitaemia are based on a strong predominance of a cellular immune response triggered by T-helper type
2 (Th-2) lymphocytes, since the restoration of Th-1-type cellular immunity is essential for disease control
(Gurunathan et al. 2000; Islamuddin et al. 2015). Firstly, we need to understand how activation of the
immune response triggered by Th lymphocytes occurs. Into vertebrate host, when a pathogen is
phagocytosed by a professional antigen presenting cell (APC), it is attacked by lysosomal enzymes, promoting
oxidative stress, and positive hydrolases to be processed and presented as antigens by molecules of the
major histocompatibility complex (MHC) class Il (Gill et al. 2003; Klein et al. 2009). Along with the antigen
being presented, host cells initiate the expression of cytokines. These two events are sufficient for the
activation of Th lymphocytes (Luckheeram et al. 2012). Cytokines, such as interleukins 4 and 10 (IL-4 and IL-
10), activate the Th-2 immune response, where Th lymphocytes recruit and activate B lymphocytes to
produce immunoglobulins (Ig). In addition, INF-y, TNF-a and IL-1B activate a Th-1 type immune response,
where the Th cells starts recruiting more cells of the mononuclear phagocytic system (MPS), enabling them
to increase the expression of nitric oxide (NO), increase the activity lysosomal, phagocytic capacity and Ca?*
in order to destroy intracellular pathogens (Figure. 1) (Valadares et al. 2011; Roy et al. 2014; Islamuddin et
al. 2015).

Immune response to leishmania infection
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Figure 1. Immune response to leishmania infection. During The promastigotes forms of leishmania become
amastigotes in the hostile interior of macrophages. Then, in order to survive and promote parasitemia,

amastigotes inhibit NO production or promote low regulation of the signals that trigger the antiparasitic
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response, thus establishing Th-2 type cellular response. In contrast, the cellular immune response of the
Th-1 profile and restoration of the cellular immunity is fundamental for the control of the disease,
especially when it involves the mechanisms of activation of macrophages, making them able to control the
infection. Such mechanisms involve overregulation of lysosomal activation, phagocytic capacity, increased
NO production and intracellular calcium. Adapted from (Bogdan et al. 1996)

Since traditional antileishmanial drugs are considered old-fashioned, limited, high costly and with a
range of adverse effects, the search for new drugs with less toxic effects is important (Ashford 2000; Alizadeh
et al. 2008). Such drugs must also act in synergism with the host immune response, making the Th-1 profile
cellular response prevail so that memory T cells can confer definitive cure and protection against the possible
relapses of the disease that usually occur in endemic areas, where wide exposure of hosts to the vector and
etiological agent occurs (De Medeiros et al. 2011; Valadares et al. 2011; Carneiro et al. 2012; Rodrigues et
al. 2013; Rodrigues et al. 2015; Souza et al. 2017; Alves et al. 2017).

In this sense, considering the immunopathology of leishmaniasis and the key role of the activation of
immune cells, especially macrophages, as pharmacological targets to control parasitemia, the objective of
this study was to explore the role of the activation of these cells and their modulation through protocols for
assessment of immunomodulatory mechanisms for the study and/or discovery of possible new drugs.
Furthermore, these protocols are discussed with the effect of previously reported immunomodulatory drugs
with antileishmanial properties.

2. Material and Methods
Obtainment of macrophages

Macrophages used in assays for immunomodulation drugs can be obtained from immortalized cell
lines such as RAW 264.7 (Kolodziej and Kiderlen 2005) or obtained from peritoneal lavage of BALB/c mice
(Alves et al. 2017; de Castro Oliveira et al. 2017; Souza et al. 2017).

In order to obtain murine peritoneal macrophages, animals aging between 4 and 6 weeks must be
firstly euthanized under approval of the ethics committee responsible for each research center. After
euthanasia, the animals are placed on a flat surface in dorsal decubitus. Right after, an incision is made in
the abdomen so that the skin of the ventral region is removed, and the peritoneum is exposed. In total, 8
mL of isotonic phosphate buffered saline solution (PBS, in mM: NaCl, 145; Na;HPO4, 9.0; Na;HPO4, 1.0; pH
7,4) is intraperitoneally administered using a sterile needle and syringe. A light massage should be performed
in this place in order to obtain the maximum number of cells. After removal of the cells, centrifugation is
continued at 3000 rpm, at 4 °C for 10 minutes. After centrifugation, the supernatant should be discarded,
and the pellet resuspended in 1.0 ml of RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS) and penicillin-streptomycin 10,000 1U/10 mg. Then the cell counting using Trypan blue dye and a
Neubauer chamber (Sigma-Aldrich, St. Louis, EUA) is performed. For each protocol, 2x10° cells per well are
placed in 96-well cell culture dishes and incubated at 37 °C and 5% CO; (Alves et al. 2017; de Castro Oliveira
et al. 2017).

Preparation of solutions

The stock solution of neutral red dye (Sigma-Aldrich, St. Louis, EUA) is obtained by the solubilization
of 2.0 mg of the dye in 1 mL dimethylsulfoxide (DMSO). The extraction solution used consists of glacial acetic
acid 96% (1% v/v) and ethanol P.A. (50% v/v) dissolved in bidistilled water. The zimosan (Sigma-Aldrich, St.
Louis, EUA) dye used for the phagocytic capacity assays is obtained by diluting 0.3 mL of the stock solution
of neutral red and 0.02 g of zymosan in 3 mL of PBS. The Baker's fixative solution consists of formaldehyde
4% v/v, 2% w/v sodium chloride and 1% w/v calcium acetate in distilled water (Grando et al. 2009).

Evaluation of phagocytic capacity

Macrophages are plated and pre-incubated at 37 °C and 5% CO; for 4 h according to item 2.1. After
this period, the supernatant is removed to discard non-adherent cells from the plate and then the test drug
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is added using serial concentrations ranging from 6.25 to 800 ug/mL (Alves et al. 2017). Then, 100 pL of
Baker's fixative solution is added to paralyze the phagocytosis process. After 30 minutes, the plate is washed
with 0.9% saline solution to remove non-phagocytized zymosan and neutral red. The supernatant is
removed, and then 100 pl of extraction solution is added and lightly stirred for 10 minutes. Absorbances

should be measured at 550 nm (Figure 2).
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Figure. 2. Phagocytosis of zimozan particles by macrophages submitted to treatment by test drugs. The

macrophages are incubated for 48 h at 37 °Cin a 5% CO,, in the absence and presence of different test

drug concentrations, and thereafter, 10 L of stained zymosan is added. The phagocytosis of zymosan
particles is determined colorimetrically after solubilization with extraction solution.

Evaluation of lysosomal activity

Macrophages are plated and incubated at 37 °C and 5% CO; for 4 h according to item 2.1. After this
time, the supernatant is removed in order to remove the non-adherent cells, and then the test drug is added
at serial concentrations (e.g. 6.25 — 800 pug/mL) (Alves et al. 2017). After 48 h incubation at 37 °C and 5%
CO3, 10 pL of 2.0% neutral red solution in DMSO (w/v) is added and incubated for 30 min at 37 °C. After this
procedure, the supernatant is removed, 100 pL of extraction solution is added, and then after 30 min the
plate is submitted to slight agitation for 10 minutes. Absorbances are measured at 550 nm (Figure 3).
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Figure 3. Lysosomal activity of macrophages submitted to treatment by test drugs. The macrophages are
incubated for 48 h at 37 °C and 5% CO; in the absence or presence of different test drug concentrations,
and thereafter, 10 uL of 2.0% neutral red is added. The neutral red stored in the secretory vesicles is
solubilized with extraction solution and determined colorimetrically.

Evaluation of nitrite production

Macrophages are plated and incubated at 37 °C and 5% CO; for 4 h according to item 2.1. After this
time the supernatant is removed to remove non-adherent cells from the plate and then the test drug is
added at serial concentrations (6.25 — 800 pg/mL) (Alves et al. 2017). After a 24h-incubation period, the cell
culture supernatants are transferred to another 96-well plate for measurement of nitrite content (Figure 4).
The standard curve for nitrite dosing is prepared with sodium nitrite in Milli-Q° water at varying
concentrations from 1 to 150 uM diluted in RPMI 1640 medium. Equal parts of the samples or solutions are
prepared in order to obtain the standard curve with the same volume of the Griess reagent (5 % phosphoric
acid containing 0.1% N-1-napthylethylenediamine dihydrochloride, 1% sulfanilamide) and the absorbances
are read on the plate reader at 550 nm (Soares et al. 2007; Grando et al. 2009; Alves et al. 2017).
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Figure 4. Evaluation of nitrite produced by macrophages treated with test drugs. The macrophages are
incubated for 24 h at 37 °Cin a 5% CO; in the absence and presence of different concentrations of test
drugs, and thereafter, equal parts of Griess reagent and the supernatant are added. Nitric oxide is
measured from the concentration of nitrites produced by treated macrophages.

Quantification of intracellular calcium in macrophages

Macrophages are plated and incubated at 37 °C and 5% CO, for 4 h according to item 2.1 in coverglass
dishes with 35 mm diameter. After this time, the supernatant is discarded to remove the non-adherent cells
on the plate and then the drug test is added at serial concentrations (e.g., 6.25 — 800 pug/mL) (Alves et al.
2017). 300 pL of RPMI medium containing a calcium sensitive fluorophore (e.g., Fura-2 or Fluo-3) at 10 uM
is added and incubated for additional 30 min. Cells must be washed twice with sterile PBS in order to remove
the excess from fluorophore and 1 mL of HBSS buffer added to each plate for experimentation. Calcium
imaging is performed using epifluorescence or confocal microscope, equipped with 340/380 nm (excitation)
and 525 nm (emission) filters, coupled to a high-speed CCD camera and compatible software (Figure 5). The
cytosolic calcium concentration (Ca?*)) in each macrophage, selected as ROls, can be estimated by applying
the equation [Ca?*i]=Kq4:(F—Fmin)/(Fmax—F), where Ky is the dissociation constant of the used fluorophore, F is
the variable fluorescence intensity, Fmax and Fmin are, respectively, the maximum and minimum fluorescence
obtained in the presence of ionomycin (5 uM) or EGTA (20 mM) (Alves et al. 2017).
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Figure 5. Quantification of intracellular calcium in macrophages submitted to stimuli by test drugs. Analysis
performed using Fura-2/AM (10 uM) on confocal epifluorescence microscopy (DSU Olympus, Japan).

Another relevant factor is the depolymerization of F-actin, when there is significant presence of
intracellular calcium in cells with internalized pathogens, Phagocytosis by neutrophils, macrophages and
other professional phagocytes requires rapid remodeling of actin. Disaggregation of F-actin, phagocytosis
and maturation of perifagosomal phagocytoma are calcium-dependent processes in macrophages when
interacting with pathogens to resolve infections (Tejle et al. 2002).

3. Results and Discussion

Macrophages present several functions, such as phagocytosis, tumor cytotoxicity, cytokine secretion,
and antigen presentation. They represent a line of defense against pathogens and tumor cells by recognizing
and destroying (Young and Hardy 1995; Peters et al. 1996; Klimp et al. 2002). Characteristically, activated
macrophages demonstrate increased adhesion and spreading capability, stimulation of DNA synthesis,
increased intracellular calcium, modification of cytokine secretion, increased levels of lysosomal enzymes,
increased microbicidal/tumoricidal activity by increased NO and reactive oxygen species (ROS), and
increased membrane ruffles which improve the performance of functions such as locomotion and
phagocytosis (Cleary et al. 1999). Activated macrophages which are capable of solve infections by
intracellular pathogens as effect of immunomodulatory drugs are able to alter their morphology, becoming
fusiform, due to their adhesion and spreading (Figure 6), aiming to increase their total area and facilitate
phagocytosis of pathogens (Alves et al. 2017).
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Figure 6. A — macrophage without stimulus by drug-activation; B —scattered after the stimulation by
testing drugs derived from natural products. The spreading is due to phagocytic capacity activation.

Phagocytosis and the lysosomal system are critical for the functions of macrophages, where
internalization, processing and presentation of antigens derived from pathogens to specific immune system
cells occur in order to protect the host. After endocytosis of the pathogen, the newly created phagosome
undergoes sequential fusion events with endosomes and then with lysosomes to produce a phagolysosome
(Niedergang and Chavrier 2004). The phagolysosome is a compartment filled with acidic hydrolases and ROS
where most of degradation of internalized content occurs. Drugs that act by activating macrophages in this
target, are able to induce these cells to destroy internalized pathogens in their phagolysosomes, besides
helping with up-regulation during antigen presentation (Greenberg and Grinstein 2002; Lee et al. 2003;
Niedergang and Chavrier 2004).

During antileishmania activity, an important signaling pathway which might be involved is the
production of NO by macrophages. Such mechanism has been considered as the most effective involved in
host defense against leishmania. Within the phagolysosome, NO combines with superoxide anion to produce
peroxynitrite, which is highly reactive and microbicidal (Bogdan and Rollinghoff 1998; Valadares et al. 2011).
The parasite survives within the macrophage by the ability to inhibit the expression of inducible nitric oxide
synthase (iNOS) enzyme or inhibition of the production of cytokines involved in its regulation, inhibition of
NO synthesis by glycosylinositol, amastigote surface phospholipids or stimulus to the production of TGF-3
growth transforming factor (Park et al. 2005). Drugs able to activate the NO pathway act by activating
macrophages by cytokines such as interferon-y (IFN-y) and tumor necrosis factor a (TNF-a), which increase
the production of nitric oxide synthase, an enzyme that catalyzes L-arginine to generate NO and L-citrulline
(Liew et al. 1990). Once internalized into phagolysosome, NO reacts with superoxide to produce peroxide
nitrite, which is highly reactive and acts as a microbicide (Bogdan and Rollinghoff 1998; Ueda-Nakamura et
al. 2006).

The macrophage-internalized leishmanias are able to trigger mechanisms of calcium efflux in
macrophages. Such mechanisms are referred to the increase of expression of two proteins: PMCA4, which
is responsible for the calcium efflux to extracellular environment, and SERCA3, which is responsible for the
storage of calcium into endoplasmic reticulum. This mechanism is in continuous operation for cellular
homeostasis, but at presence of internalized amastigotes, the expression of PMCA4 and SERCA3 is markedly
increased, promoting the increase of calcium efflux to the extracellular medium and its storage into
endoplasmic reticulum. Moreover, when activated, the increase cytokines such as TNF-a and IL-4 occur,
which upon encountering the lymphocyte with the antigen, MHC-1I APC molecules activate T-lymphocytes
(Th-0), differentiating them in Tcps+ lymphocytes that in turn begin to produce and release INF-y for
activation of Th-1 cellular immune response (Roy et al. 2014; Islamuddin et al. 2015). Once the expression
of PMCA4 and SERCA3 is increased by the presence of the parasite, the decrease of intracellular calcium
occurs. Under small amount or absence of calcium, another signaling pathway is activated, the not so well
known protein kinase zeta (PKZ); this signaling pathway promotes the expression of cytokines such as IL-10,
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which activates T-lymphocytes in Th-2 immune response, thus activating B lymphocytes to produce
antibodies (Roy et al. 2014). This Th-2 response is responsible for "masking" and promoting the pathogenesis
of leishmaniasis in infected hosts (Islamuddin et al. 2015). The action of new drugs on the promotion of
intracellular calcium augmentation pathway is directly related to this signaling pathway (Alves et al. 2017).

Table 1 shows a variety of drugs derived from natural, plant or synthetic products which have the
ability to activate macrophages based on the parameters assessed using those approaches. Of the various
substances that demonstrated this activity, we can highlight the substances that are derived from natural
products, for example. Gallic acid and ellagic acid activated macrophages in all parameters demonstrated in
this work (Alves et al. 2017), then, other isolated substances such as 2,3 dihydrobenzofuran and alpha-
pinene, activated macrophages in increasing their phagocytic capacity, lysosomal activity, and nitric oxide
(Rodrigues et al. 2015; De Castro Oliveira et al. 2017). These and the other molecules presented in table 1,
have shown to be promising for the development of new antileishmania drugs.

Table 1. The drugs with ability to activate macrophages.

Activity
Plant/drug Phagocytic?  Lysosomic(? NO®) Ca+4 Reference
. ) (Valadares et al. 2011;
Agaricus blazei i i X i Valadares et al. 2012)
. . (Ghazanfari et al. 2000;
Allium sativum i i X i Ghazanfari et al. 2006)
Artemisinin - - X - (Islamuddin et al. 2015)
a-pinene X X X - (Rodrigues et al. 2015)
Crotoxin X - X - (Farias et al. 2017)
Ellagic acid X X X X (Alves et al. 2017)
Eugenia uniflora X - - - (Rodrigues et al. 2013)
Gallic acid X X X X (Alves et al. 2017)
Limonia strumguyonianum - X X - (Krifa et al. 2013)
Lupeol X X - - (Souza et al. 2017)
Myracrodruon urundeuva X - - - (Carvalho et al. 2017)
Pelargonium sidoides DC - - X - (Kayser et al. 2001)
Platonia insignis - X - - (Souza et al. 2017)
Proanthocyanidins and i i X i (Kolodziej et al. 2001)
analogues thereof
Quassin |s.olated from - - X - (Bhattachardjee et al. 2009)
Quassia amara
Syzygium cumini X X X - (Rodrigues et al. 2015)
Tannins and polyphenols - - X - (Kolodziej and Kiderlen 2005)
Zanthoxylum rhoifolium X - X (Melo et al. 2016)
2,3-dihydrobenzofurano X X X - (de Castro Oliveira et al. 2017)

lincrease of phagocytic capability; 2Increase of lysosomal volume; 3Production of nitric oxide; e *Increase of intracellular calcium.

The fact that leishmaniasis is an immunopathology (Paranaiba et al. 2017) with limited options of
conventional treatment, costly and with a range of adverse effects, (Ashford 2000; Alizadeh et al. 2008) the
search for new drugs with antileishmania action must also be linked to the ability to act in synergism with
the immune response of the host by activation of macrophages. Moreover, these issues are also linked to
reduction of parasite load in the investigation of the percentage of infected macrophages and the survival
rate of macrophages-internalized amastigote forms. In many prospective studies of both antileishmania and
macrophage-activating drugs, the value of mean inhibitory concentration (ICsp) for parasite is lower than ICsg
for host cells. Therefore, the selectivity index (IS) is higher when compared to the intrinsic activity on
promastigote forms and macrophages-internalized amastigote forms. This fact is due to the macrophages-
activating properties of these molecules, making them capable of solve infection of host cells. Thus,
activated macrophages represent the main sign of establishment of cellular response to counteract the
parasite, control parasitemia, and solve the infection (Alves et al. 2017).
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4. Conclusions

Therefore, assessment of macrophages activation, such as phagocytic capacity, lysosomal activity,
nitrite production and intracellular calcium, are important tools for discovery of immunomodulatory
compounds which have potential to act in synergism with host immune response. Such compounds might
be promising as monotherapy in the treatment of leishmaniasis, as well as being used as adjuvants in
vaccines and/or in combination with conventional drugs.
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