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Abstract

Neutrophils are the most numerous leukocyte in mammals and normally they
are the first phagocyte observed in recently damaged or infected tissues. They
play a key role in the innate immune responses to Leishmania and several
other microorganisms, nonetheless an exacerbated neutrophils activity can
generate a harmful response to the host, therefore its turnover rate is very
important to maintain the homeostasis and averts the host tissue damage.
Both apoptosis followed by phagocytosis by mononuclear phagocytes (efero-
cytosis) and reverse transmigration have been considered the main processes
for the clearance of neutrophils from injured or infected tissues. However, the
interaction with Leishmania and other microbes, as well as molecules pro-
duced by arthropod vectors such as sandflies saliva can modify the behavior
of neutrophils, causing immediate lysis to prolong their life. In fact, as a result
of a long course of coevolution, several microorganisms have developed skills
to avoid neutrophil effector mechanisms and take advantage of neutrophil
clearance pathways to promote their spread in the host’s body. Leishmania,
Chlamydia pneumoniae and Yersinia pestis for example use the efferocytic
Trojan horse process for their dissemination and immune protection, in a
different way vaccinia Ankara virus and Toxoplasma gondii exploit the neu-
trophil reverse transmigration for the same reason. Here we present an over-
view of some characteristics of neutrophils and their different destinations
after interaction with several microorganisms, with an emphasis on Leishma-
nia species. It was also suggested the probable role of neutrophils reverse
transmigration as another possible route for the spreading of Leishmania in
the visceral leishmaniasis.
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1. Introduction

Several species of the parasitic protozoa of the genus Leishmania are the causa-
tive agent of leishmaniasis. They are capable of infecting various mammalian
hosts, including canids, felids, rodents, marsupials, and humans, being trans-
mitted by the bite of female phlebotomine sand flies of the genera Phlebotomus
in Africa, Asia and Europe, and Lutzomyia in the Americas.

Leishmaniasis is considered a neglected disease, affecting over 150 million
people worldwide with 350 million at risk in about 98 countries or territories
and an incidence of over 2 million new cases per year, estimating 0.5 million
cases of visceral leishmaniasis and 1.5 million of cutaneous leishmaniasis [1].

It consists of a spectrum of clinical forms including cutaneous, mu-
co-cutaneous, and visceral forms.

In the Old World, the cutaneous leishmaniasis (CL) mostly tends to sponta-
neous cure of skin ulcers and long-term immunity to reinfection. Nevertheless,
in the New World the disease can produce serious diffuse or muco-cutaneous
forms.

The diffuse forms are associated with anergic patients with a deficient
cell-mediated immunity that enables the parasite to disseminate in the subcuta-
neous tissues, spreading from the primary lesion, to multiple areas of the skin
forming plaques, ulcers, and nodules over the entire body, resembling lepro-
matous leprosy.

The muco-cutaneous forms can lead to partial or total destruction of the mu-
cosal epithelia of the mouth, nose, throat, and associated tissues.

Visceral leishmaniasis, also known as kala-azar, is a long-term illness charac-
terized by parasite burdens in the spleen, liver, and bone marrow causing irre-
gular bouts of fever, anaemia, substantial weight loss, inflammation of the spleen
and liver.

Complication of visceral leishmaniasis can also cause death or post-kala-azar
dermal leishmaniasis that is characterized by a hypopigmented macular, macu-
lopapular, and nodular rash usually in patients who had supposedly recovered

from the disease [1].

The Life Cycle of Leishmania

Classically, the life cycle of Leishmania firstly involves the development of the
parasite in the midgut of sand flies, where protozoa, after multiplication phases
by binary fission, change from avirulent to virulent metacyclic promastigotes in
a differentiation process called metacyclogenesis.

Then, the metacyclic forms migrate to the insect’s proboscis, through where
they are transmitted to mammalian hosts during the next blood meal, being re-
gurgitated together with saliva and some parasite molecules in a pool of blood in
the lacerated dermis.

Once inside the new host, metacyclic promastigotes are engulfed by phago-

cytic cells where they may change the morphology to amastigotes, which are
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rounded forms with a very short flagellum, only identifiable under electron mi-
Croscopy.

Amastigotes are specially adapted to survive and multiply within the phago-
cytic cells, where they can also spread to the different tissues of the host.

Tissue injuries caused by the mechanical action of the sand fly proboscis, in
addition to saliva and the presence of the parasite, induce the recruitment of
immune system cells to the inoculation site.

The neutrophils also known as polymorphonuclear leukocytes are the first cell
to arrive at the site of infection after few hours, followed by inflammatory mo-
nocytes, tissue macrophages and dermal dendritic cells that arrive soon after for
composing a cast of professional phagocytes.

The parasites phagocytized by the incoming neutrophils, may be either killed
or survive inside those cells, even when neutrophils undergo apoptosis.

Apoptotic neutrophils parasitized, when phagocytosed by macrophages allow
the transfer of viable leishmanias from one cell to another, in a characteristic
way in which the parasite invades the macrophages and, therefore, it remains
alive for upcoming multiplication inside of the new cells.

This event has been known as “Trojan horse”, for the reason that it favors the
silent invasion and survival of Leishmania inside the target host cells, where the
parasite can promptly multiply.

The life cycle progresses when protozoa infect macrophages or dendritic cells
in the skin and currently, it is assumed that these cells are primarily responsible
for the spread of parasites to lymph nodes and other organs such as the liver,
spleen and bone marrow, transporting the parasite and enabling the infection of
new phagocytic cells present in these tissues.

To complete the cycle, the parasite ends up returning to the skin at different
points, probably transported by phagocytes, where they can infect the insect
vectors in subsequent blood meals. Thus, macrophages have been considered the
primary resident cell for Leishmania in mammalian hosts [2].

However, in addition to the definitive role of macrophages in the Leishmania
life cycle, the growing knowledge about the physiology of neutrophils, as well as
their interaction with Leishmania and other different microorganisms, suggests
that their role in visceral leishmaniasis may be much more important than just a
Trojan horse.

In the present article, we review some molecular and physiological characte-
ristics of neutrophils and the interaction between these cells and various micro-
organisms, emphasizing the Leishmania. It was also speculated a probable func-
tion of neutrophils on the Leishmania dissemination from the skin to other or-

gans such as, lymph nodes, liver, spleen and bone marrow.

2. The Neutrophils

Neutrophils are the most numerous and one of the main cell types among leu-
kocytes; in mammals they can be identified by their characteristic segmented

nucleus and cytoplasmic granules. Considering, for example, the percentages
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between monocytes and neutrophils in the blood, the differences are enormous,
while the former represent only 2% to 8%, the latter are 40% to 60% of the total leu-
kocyte population. Therefore, they are the human blood’s major cellular elements of
the innate immune system, having an anti-infectious and a pro-inflammatory role
[3].

Under homeostatic conditions, 10" neutrophils leave the bone marrow every
day. To produce and supply such an enormous quantity of cells at a high rate,
the bone marrow must be able to perform continuously significant levels of
granulopoiesis.

In the bone marrow (Figure 1), neutrophils normally develop over a period of
14 days, when they are released into the blood. In peripheral blood, although in-
itially considered as having a short half-life, being cleared in the liver, spleen and
bone marrow, after around 12 to 18 h. Subsequent studies have shown that it can
take much longer, almost 3.75 days, and in tissues, it has been estimated at 6 to
15 times longer [4].

Lately, the neutrophils lifespan in blood was defined as around 5.4 d, changing
the initial idea of those cells as a short living and generated in enormous quanti-
ties merely to kill microbes [3].

More recently, studies involving neutrophils have been shown that those cells
have a multifunctional role acting as in the innate as well as in the adaptive im-

mune response, many times making a bridge between then [5] [6].

2.1. Neutrophil Surface Molecules

Neutrophils have a large number of tools represented by surface molecules used
to progress from bone marrow to blood, eventually being able to migrate into
tissues in cases of injury or complete their life cycle, flowing to the liver and
spleen or returning to the marrow bone, to be removed by resident macrophages
in those places (Figure 2).

Many surface molecules may function as a passport permitting their migra-
tion through several natural barriers such as endothelium and extracellular ma-
trix, but also represent phenotypic characteristics of certain subpopulations re-

lated to interaction with different cell types and antigens.

Myelopoiesis

- -

Bone Marrow

@ ® @ ®

Myeloblast Promyelocyte Myelocyte Metamyelocyte Neutrophil Segmented neutrophil

Figure 1. Myelopoiesis—Neutrophil development in the bone marrow.
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Figure 2. Neutrophil surface molecules—Schematic view of some neutrophil surface mo-
lecules related to cell function.

Proteoglycans and hyaluronan comprise the neutrophil surface layer. The in-
tegrins are related to, rolling, arrest, adhesion, crawling, transmigration and di-
apedesis. The CD 44, L-selectin and PSGL-1, respectively the first for tethering,
rolling, arrest and adhesion, while the others for tethering and rolling.

CXCR molecules can promote the retention of neutrophils in the bone mar-
row or the recruitment of these cells to inflammatory foci from the bone mar-
row.

Neutrophils exhibiting CCR surface molecules are activated and stimulate the
amplifying neutrophil recruitment, returning of Ag-loaded neutrophils from
dermis to bone marrow, trans-endothelial migration through interaction with

monocyte, migrate reversely and to lymph nodes [7].

2.2. Neutrophils Effector Mechanisms

In addition to those important tools, the neutrophils also present several “wea-
pons” to destroy invasive microorganisms. They can phagocyte and kill invading
microorganisms intracellularly by the formation of phagolysosome composed of
anti-microbial molecules like, enzymes and reactive oxygen species (ROS).

Those cells also kill germs extracellularly by the liberation of antimicrobial
molecules, stored in their granules through the formation of a structure named
neutrophils extracellular traps (NET). In fact, NETs are extracellular, web-like
structures comprised of cytosolic and granule proteins that are assembled on a
framework mostly composed of histones and DNA, as from the nucleus as well
as from the mitochondria in a lesser quantity [8].

In addition, the antimicrobial role, the neutrophils are competent to express
genes encoding inflammatory mediators such as growth factors, chemokines and
cytokines [3].

Actually, it has been suggested that neutrophils do not comprise just a popu-
lation of equal innate effector cells and, like lymphoid cells, have subsets with
important differences in both phenotype and function [9]. As examples, they
have been included, immature and hypersegmented neutrophils as well as

low-density granulocytes and granulocyte myeloid-derived suppressor cells.
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To perform their function, these cells are capable to leave the circulation to
the tissues, through transendothelial migration, achieving the rolling, adhesion
and crawling.

Interestingly, neutrophils can also present diverse ways of death mechanism,
like, necroptosis and apoptosis. Those modes of cell death have several effects on
the behavior of neighboring cells, like macrophage, for example that through ef-
ferocytosis, they phagocytize apoptotic neutrophils and may either disseminate
the inflammation or stimulate the resolution [7].

Likewise, neutrophils are also competent to reverse migration, returning to
blood and/or lymphatic circulation, after infiltrating other tissues. These re-
verse-migrating neutrophils, like macrophages, are also able to interact with
other immune cells, such as natural killer, B and T lymphocytes, as well as with
dendritic cells [7].

2.3. Neutrophil Reverse Transmigration

It is known that neutrophils are the first cells to respond to innate immune sti-
mulation, but in many situations tissue damage is followed by the invasion of
microorganisms, consequently these cells are also often the first to reach the sites
of entry of large numbers of microorganisms, including Leishmania.

Despite the fact that the neutrophil recruitment is vital for protection against
microorganisms, the resolution of the inflammation is also decisive, because its
retention can cause tissue damage in addition to the chronification of the in-
flammatory response.

Traditionally, it was established that the control of neutrophil-mediated in-
flammation in tissues would occur exclusively through a process called efferocy-
tosis, in which necrotic or apoptotic neutrophils are eliminated after being pha-
gocyted by other phagocytic cells like, macrophages and dendritic cells [10].

However, more recently, a reverse transmigration pathway has been fully ac-
cepted as a very important mechanism for the neutrophil clearance from the site
of inflammation [11].

Regarding the phenomenon of neutrophil reverse transmigration, despite the
work of Hughes et al [12] that clearly demonstrated neutrophils have the ability
to leave sites of inflammation and return to the bloodstream. It has been only
widely recognized more recently, starting in 2006, by a study in zebrafish show-
ing neutrophils migrating away from a wound and back into the vasculature [10]
[13], and in vitro with human neutrophils showing, they undergo a type of bidi-
rectional movement that they termed reverse transmigration (RT) [11].

Later, it was confirmed that mice neutrophils also exhibit (RT) through a
junctional adhesion molecule (JAM-C)-dependent pathway and that this could
be associated with distant organ inflammation [14].

More recently, Wang et al [15] showed that although neutrophils were
needed for tissue healing in the course of the early stage of inflammation caused

by thermal hepatic injury. After 12 h, most of them migrate away from the
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wound place back into the vasculature, while those who remained in place
showed low rates of apoptosis, sustaining an alternative process for neutrophil
resolution, besides local apoptosis [10].

Consequently, matured neutrophils in response to the wound and infection
readily migrate from the bone marrow to the circulation. At this stage, they are
activated and can transmigrate through endothelial cells to reach inflamed tis-
sues.

Once at the site of inflammation, neutrophils play their role in the immune
system, using the arsenal of weapons to kill invading pathogens. After all, the
process of cells clearance starts and several neutrophils are phagocytized after
suffering necroptosis or apoptosis.

Nevertheless, some sub-populations of neutrophils are able to get back into
the circulation again through reverse trans-endothelial migration (rTEM). Those
neutrophils, while in circulation, can respond to a second stimulus or caught in
the reticuloendothelial system mostly in the liver and spleen, through macro-
phage clearance after undergoing apoptotic cells.

Likewise, aged neutrophils after reverse transmigration can return to the bone
marrow and interact with different cell types. Thus, neutrophils can modify the
expressions of surface markers according to the environment and rTEM can
contribute to the fate of their activities [16].

Among the various roles of reverse transmigrated neutrophils in the immune
system, they can be included: 1) inhibition of T cell proliferation; 2) stimulation
of antibody production; 3) induction of immunoglobulin class change; 4) elimi-
nation of excessive neutrophils from the tissues; 5) positive regulation of neu-
trophil reverse migration from the injury site; 6) production of interleukin 17A
(IL-17), a cytokine involved in the development of many autoimmune diseases,
as well as in inflammatory conditions and increased production of ROS and
NET formation.

Despite the diverse attributes of neutrophils, microorganisms from different

groups have been developed strategies to evade the killing by those cells.

2.4. Mechanisms of Resistance of Leishmania to Neutrophil Killing

Leishmania, after millions of years of co-evolution with its mammalian hosts,
has developed several survival mechanisms, not only to escape the killing of neu-
trophils, but also to obtain advantages for its dissemination in the host body [17].

Actually, different species Leishmania have been developed in particular ways
for circumventing the effector mechanisms of defense of neutrophils. They do
that through the blocking the formation of phagolysosomes, inhibiting or resist-
ing the formation of reactive oxygen species (ROS). Some species can survive
intracellularly not in the phagolysosomes, but inside of non-lithic compartments
with membranes that exhibit characteristics of endoplasmic reticulum.

In addition, the life span of neutrophils can even be modulated during the in-
teraction with different species of Leishmania, causing a delay or acceleration in

the process of cell death. Correspondingly, other microorganisms have devel-
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oped similar strategies to survive and obtain advantages during the interaction

with neutrophils, favoring the establishment of infections.

2.4.1. Interference on Phagolysosome Formation

Through “in vitro” studies, it has been demonstrated that Leishmania major and
Leishmania donovani promastigotes regulate granule fusion with phagosomes,
allowing azurophil but preventing gelatinase granule fusion with para-
site-containing phagosomes [17] (Figure 3). Some bacteria like Leishmania pa-
rasite species also interfere on the phagolysosome formation; nevertheless, they
differently hinder the fusion of the phagosome with azurophilic granules [8].

As examples of those bacterias we can see, Neisseria gonorrhoeae, Salmonella
[18] and Mycobacteria. This last specifically retain Rab 5a and Syntaxin-4 on the
phagosome membrane to block the fusion of azurophilic granules in human
neutrophils [19], besides promoting the inhibition of pinosome formation [20]
[21] [22] [23].

2.4.2. Interference on Reactive Oxygen Species (ROS) Production and
Escape from Neutrophil Phagosomes

With respect to ROS production in the interplay between Leishmania and neutro-

phils, the results also depend on the parasite species. L. major does not elicit the

Mechanisms Utilized by Leishmania spp to Survive to Neutrophil Killing

Localization in
Non-Lytic Compartments

Inhibition of Inhibition or Resistance Multiplication Inside
Phagolysosoma Formation to ROS Formation the Neutrophils

HY @e@e@

Inside the Vacuole

Neutrophil Neutrophil with Promastigotes Neutrophil with Promastigote Neutrophil with Promastigotes in Vacuole Neutrophll with Promastigote Neutrophll with multiplying

in Non-Lytic Compartments and Lysosomes Around not Fused in the Phagol i in the Vacuole

Figure 3. Mechanisms utilized by Leishmania spp. to survive to neutrophil killing—Schematic view of some mechanisms
of resistance of Leishmania spp. to neutrophil killing: In the first column, the parasite, after being phagocytized by a
neutrophil, escapes from the phagolysosome and is located in non-lytic compartments of the cell. In the second column,
the parasite, after being phagocytized by a neutrophil, interferes with the formation of the phagolysosome avoiding the
fusion of the lysosomes to the phagocytic vacuoles. The third column shows that Leishmania spp, after being phagocy-
tized by a neutrophil, can inhibit or survive the production of reactive oxygen species (ROS). The fourth column shows

that Leishmania spp, after being phagocytized by a neutrophil, can multiply inside the cell.
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generation of ROS after been phagocytized by human neutrophils. L. braziliensis
infection induces high levels of ROS of human and murine neutrophils; never-
theless, in human neutrophils it did not affect parasite survival [17] (Figure 3).

Similar to Leishmania, several other microorganisms have been described as
affecting the production of ROS in neutrophils, stimulating or inhibiting, but
also misdirecting the oxidase complex away from the phagosome.

Bacterial pathogens for example they generate many enzymatic antioxidants
to impair the ROS effect and diminish damage caused by oxidative stress. Sta-
phylococcus aureus produces superoxide dismutases that catalyze the dismuta-
tion of superoxide to hydrogen peroxide. Then the hydrogen peroxide can be
further decomposed to water and oxygen by catalases, like also occurs in Esche-
richia coli.

Streptococcus pneumoniae and S. pyogenes, can break down the ROS, respec-
tively through enzymes of the thioredoxin and glutathione systems [24] and pa-
thogenic Yersiniae use a type III secretion system (73SS) translocate effector
proteins into the neutrophil cytoplasm to interfere with NADPH oxidase.

Likewise, Pseudomonas aeruginosa type III cytotoxic effector ExoS inhibits
ROS production in human neutrophils and, similar to Yersinia, it functions as a
GTPase-activating protein. Francisella tularensis and Anaplasma phagocytophi-
lum can control NADPH oxidase assembly by unsettling intracellular signaling.
In an analogous way, Chlamydia pneumoniae inhibits PMA- and fMLF-induced
oxidative burst by disrupting calcium transients [23] [25] [26].

Anaplasma phagocytophilum inhibits the rescue of flavocytochrome b558 to
the phagosomal/vacuolar membrane, Opa-negative Neisseria gonorrhoeae ac-
cumulate the same molecule, but exhibit defects in the recruitment of p47phox
and p67phox, which reduces the ROS production [26]. Differently, the Helico-
bacter pylori directs the NADPH oxidase to the outer cell membrane, guiding
ROS to the extracellular space [23].

Leishmania donovani was shown to traffic to non-lytic compartments of neu-
trophils to escape the neutrophil killing [17] (Figure 3). Similarly, Streptococcus

pyogenes also are able to escape from neutrophil phagosomes [23].

2.4.3. Multiplying inside Neutrophils

It was demonstrated that a strain of L. mexicana is able to replicate within neu-
trophils showing that those cells may function as a shelter for the parasite repli-
cation during the chronic phase of infection [17] (Figure 3). Likewise, Anap-
lasma phagocytophilium, Chlamydia trachomatis, Chlamydia pneumonia, Le-
gionella pneumophila and Yersinia pestis are also able to multiply inside neu-
trophils [23] [27]. In some of those microorganisms the infected neutrophils
may be a route for noninflammatory infection of macrophages in a mechanism

firstly described in Leishmania, called as “Trojan Horse” [25].

2.5. Resistance to NETS

As in the other neutrophil defense mechanisms concerning to NETs, different
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species of Leishmania can use different strategies to ensure their survival and
consequently the progression of the infection.

Leishmania can affect the formation of those structures; in addition of being
able to digest them or even resist their toxicity. It was showed that Leishmania
infantum prevent NET formation by suppressing or causing a reduction on ef-
fectiveness of the oxidative burst (Figure 4).

Another way to evade the NET killing by L. infantum, is the expression of the
enzyme 3’ nucleotidase/nuclease that degrade the DNA backbone of NET's [17]
(Figure 4). L. amazonensis has a large amount of lipophosphoglycan molecules
(LPG) forming a thick glycocalyx that, despite the induction of NET, confer re-
sistance to NET-mediated death (Figure 4). In L. donovani, although the LPG
has been shown not to induce NET formation, it can also provide protection
against these killing structures [17] (Figure 4).

The neutrophil extracellular trap evasion behavior of Leishmania may be
comparable to several other microorganisms. Streptococcus from A and B
groups, arrange molecules resembling sialic acids that decrease the ROS conse-
quently, reduce lysis by the Net (NETosis). P. aeruginosa restrain NETosis by
covering themselves with sialylated glycoproteins from host [28] and Bordetella
pertussis as well S. pyogenes, they also present mechanisms of suppression of
NET formation [28].

As in some Leishmania species, other pathogens can also resist NET-mediated

killing, for example, Pseudomonas aeruginosa, despite being a potent NETose

Escape Mechanisms used by Leishmania spp to Survive to Neutrophil Extracellular Traps (NET)

Resistence to Net Inhibition of NET formation NET digestion

v v

!
@ @
]

Neutrophil

Infected Neutrophil NET with parasites Neutrophil with NET not formed NET digested by parasites

Figure 4. Escape mechanisms used by Leishmania spp. to survive to Neutrophil Extra cellular Traps
(NET)—Schematic view of Leishmania spp. escape mechanisms to survive to neutrophil extracellular traps

(NETs): In the first column, some Leishmania spp. can survive the NET formation. The second column

shows that some Leishmania spp. can inhibit the formation of NET. The third column shows that some

Leishmania spp. can promote NET digestion.
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inducer, it has been observed that some clinical isolates are resistant to this me-
chanism [8].

In cases of primary influenza A infection that causes an increase in the forma-
tion of NETs, resistant strains of Streptococcus pneumoniae can use these NET's
to multiply and persist at the site of infection. Likewise, Haemophilus influenzae
integrates NETs into biofilms, allowing the establishment of infection, but Neis-
seria gonorrhoeae has a supposedly secreted thermonuclease that promotes NET
degradation, preventing the death of the bacteria and allowing infection [29]
[30].

2.6. Modulation of Neutrophil Behavior Induced by the
Interaction with Leishmania and other Microorganisms

As is known, during the first stages of infection by certain microorganisms in the
dermis, neutrophils are the first cells to reach the site of infection and in a short
time, a large number of these cells arrive attracted by the chemotactic gradients
generated around these sites. They phagocytize and degrade cells from damaged
tissues, as well as various types of particles, such as parasites and bacteria, which
are injected together with the phlebotomine saliva.

Later, during the clearance phase, other phagocytes, such as macrophages and
dendritic cells, appear at the site of inflammation to remove apoptotic neutro-
phils besides remaining particles. In spite of presence of a great number of pro-
fessional phagocytes, leishmanias and other microorganisms can survive and
present similar abilities to and take advantage and ensure the progression of the
infection.

After being engulfed by neutrophils, some pathogens can control the behavior
of the host cell, slowing down or speeding up the process of apoptosis. Respec-
tively, allowing microbes to persist and multiply within healthy cells or to re-
main in apoptotic neutrophils to be phagocytized by macrophages and/or den-
dritic cells subsequently infecting them. In these cases, when phagocytic cells are
post-infected after engulfing infected apoptotic neutrophils, this phenomenon
has been called as “Trojan horse”, due to the silent transfer of the parasite in-
fecting new cells [31].

In certain species of Leishmania, temporary inhibition or delayed apoptosis of
neutrophils has been described as allowing the parasite to protect itself within
these cells. As can be seen in L. mexicana that does not induce rapid apoptosis of
dermal neutrophils in vivo.

On the other hand, in some others, such as L. major and L. braziliensis, for
their ability to induce neutrophil apoptosis, or L. donovani that causes autopha-
gy in neutrophils derived from human blood and subsequent engulfment by
macrophages [32]. It has been suggested that they behave according to the “Tro-
jan Horse” model (Figure 5).

Essentially, the results of the interaction between neutrophils and Leishmania

can vary depending not only on the species of the parasite, but also on the origin
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Escape Mechanisms used by Leishmania spp to Survive to Neutrophil Killing

Apoptosis Autophagy Induction Apoptosis Induction Apoptosis Induction Apoptosis Induction
Delaying Followed by Followed by Followed by Followed by
Macrophage Phagocytosis Neutrophil Phagocytosis Macrophage Phagocytosis Dendritic Cell Phagocytosis
(Efferocytosis) (Trojan Horse) (Efferocytosis)
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The Parasites Survive The Parasites are Transfered The Parasites are Transfered to The Parasites are Transfered The Parasites are Transfered
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Neutrophil Infected Autop ic il Apoptotic Neutrophil Phagocytized by Macrophage Phagocytized by Neutrophil Phagocytized by Dendritic Cell

P

®- - -8

Figure 5. Escape mechanisms used by Leishmania spp. to survive to neutrophil killing—Schematic view of some me-
chanisms utilized by Leishmania spp. for modulating the behavior of neutrophils to survive to cell killing. In the first
column, the parasite, after being phagocytized, induces a delay in the apoptosis of the neutrophil, favoring its survival
inside the host cell. In the second column, the parasite, after being phagocytized, induces the autophagy of neutrophils
and later phagocytosis by the macrophage, favoring its silent transfer and survival inside the new host cell. In the three
remaining columns, the parasite, after being phagocytized, induces apoptosis of neutrophils, also promoting a silent
transfer, respectively, to three different new host cells: neutrophils (column 3), macrophages (column 4) and dendritic
cells (column 5).

of these host cells [33] [34]. In fact, even when neutrophils are from the same
tissue and are infected with just one species of Leishmania, the results may vary.

L. major, for example, has been reported to be able to delay apoptosis in peri-
toneal induced mouse neutrophils, as well as in human blood-derived neutro-
phils, but not in those cells derived from mouse dermis [33] (Figure 5). Respec-
tively, after the interaction between L. infantum and human neutrophils isolated
from venous blood, it was observed that most cells responded to parasite inte-
ractions followed by parasites uptake with ROS production and/or activation.
Nevertheless, a relative amount of neutrophils did not show answer [35] (Figure
5).

These results are in agreement with the concept that neutrophils are effective-
ly composed of several different subpopulations [36]. On the other hand, the va-
riability of the parasite can also influence the destination of the infection, as it is

observed with L. major, where different strains can trigger different cytokines, as
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well as have different survival rates in neutrophils [37].

In dogs with visceral leishmaniasis, the function of neutrophils is altered ac-
cording to the stage of the disease. While in the severely affected animals those
cells presented very low levels of oxidative burst and increased apoptosis oc-
curred in association with uremia. In moderate stage, there was increased supe-
roxide production without any change in neutrophil viability [38].

Like Leishmania, with regard to the modulation of neutrophil behavior, other
microorganisms also exploit similar mechanisms to establish the infection.

For example, Chlamydia pneumoniae and Yersinia pestis have been described
as inducing the neutrophil apoptosis also using an efferocytic Trojan horse
process for their dissemination and immune protection, by exploiting neutro-
phils as cell vectors. In the case of Y. pestis, it also can replicate within those cells
[25] [27] [39] [40]. Several other pathogens can induce neutrophil apoptosis
such as Borrelia hermsii, Streptococcus pneumoniae, Mycobacterium tuberculo-
sis, Listeria monocytogenes and Pseudomonas aeruginosa as well as Aspergillus
fumigatus hyphae and conidia, besides HIV and Influenza A [24] [26].

Differently, Escherichia coli delays neutrophil apoptosis, increasing the
amount of neutrophils during the initial stage of inflammation, consequently
creating an opportunity for the clearance of invading pathogens. Several other
microorganisms also have the capacity of delaying of neutrophil apoptosis such
as, Anaplasma phagocytophilum, Neisseria gonorrhoeae, Francisella tularensis
(A and B strains) [26] [27] [41].

In addition, some organisms have been reported to be capable of even inhi-
biting neutrophil apoptosis, such as Francisella novicida, Histoplasma capsula-

tum and human cytomegalovirus [26].

2.7. Reverse Trans-Migrated Neutrophils and Pathogens
Dissemination

Through the long process of coevolution, infectious microorganisms have been
developing similar ways to bypass each neutrophil effector mechanism for estab-
lishing the infection. As previously mentioned, currently it is well known that
the fate of neutrophils after some time of reaching a site of inflammation goes
far beyond a cell that is about to die and, subsequently be phagocytosed mainly
by macrophages or dendritic cells.

Although the clearance of neutrophils from the tissues may be partially achieved
by the efferocytosis mechanism, through their uptake by macrophages after they
had become apoptotic. In the course of inflammation, activated neutrophils can
extend their survival by developing resistance to apoptosis and an alternative
way to remove infiltrated neutrophils from tissues may be proceeded by their
reentry into the lymphatic or blood vessels utilizing the trans-endothelial migra-
tion [16].

Since the description of the phenomenon of reverse transmigration of neu-
trophils, it has been shown that pathogens could also benefit in this case, using

neutrophils as taxi drivers to transport them from one tissue to another. It was
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also suggested, that reverse-migrated neutrophils could contribute to dissemina-
tion of systemic inflammation [42].

Moreover, neutrophils have been shown to leave inflamed or infected sites,
travel through lymphatics and relocate to lymph nodes or bone marrow affecting
host defense. These neutrophils were able to transport live pathogens to lymph
nodes and modulate lymphocyte proliferation [43].

Specifically, neutrophils were able to transport modified vaccinia Ankara virus
from the dermis to draining lymph nodes and bone marrow eliciting a T cells
response virus-specific CD8+ but not CD4+. This response was characteristically
restricted in the bone marrow and the draining lymph nodes, preceding to blood
circulation [44].

Infection with the modified wild-type vaccinia Ankara virus has also been
shown to elicit the expression of CCL2, CCL3, CCL4 and CXCL10 by monocytes
and these factors may function as chemo-attractive agents for the migration of
neutrophils in tissues [44].

In addition, scarce neutrophils were observed in the blood and bone marrow
of CCR17~ mice, suggesting the importance of this receptor for the migration of
neutrophils from infected tissue. Besides, there was non-need of CCR1 for neu-
trophil access to bone marrow in both neutrophil-depleted and CCR1-/-mice,
virus-specific CD 8+ responses were lost [44].

Still considering the possibility of neutrophils transporting pathogens through
different tissues, it was proposed that, for some intracellular parasites the pres-
ence of neutrophils at the site of infection could be advantageous for their
spreading to target cells and/or organs, and could represent an important step
for the disease permanency [26].

Additionally, studies involving experimental infection of mice with the para-
sitic protozoa Toxoplasma gondii combining with two-photon microscopy re-
vealed a trans-epithelial migration of neutrophils. These cells exhibited a signifi-
cant role on the spread of infection in the small intestine. They behaved like as
“motile reservoirs” of 7. gondii, revealing a retrograde pathway for parasite
spread in the intestine.

Thus, neutrophils were able to transport 7. gondii through biological barriers
and remain motile in the mucus-filled intestinal lumen. In addition, the para-
site-containing cells themselves were able to migrate through the epithelial cell
layer of an uninfected villus and, consequently, creating new points of infection
[45]. Neutrophils were also observed transporting latex beads to the bone mar-
row four hours after intravenous injection [44].

All those above stated information about the most recently better studied
phenomenon of neutrophils reverse migration, show two key information that
may be relevant to the relationship between these cells and Leishmania: 1) the
reverse trans-endothelial migration represents an important physiological
process related to the clearance of neutrophils from the site of inflammation. 2)
During the reverse migration of neutrophils, they can carry pathogens, from

small viral particles to considerably larger organisms, such as protozoa.

DOI: 10.4236/0jas.2021.113029

412 Open Journal of Animal Sciences


https://doi.org/10.4236/ojas.2021.113029

J. C. A. Carreira, A. V. M. da Silva

Reverse-migrated neutrophils also exhibited an activated morphology without
long-term behavioral alterations, being able to respond as usual to a secondary
challenge producing an effective antimicrobial response to Staphylococcus au-

reus for example [46].

2.8. The Probable Role of Reverse Trans-Migrated Neutrophils
in the Leishmania Dissemination

Based on all of the above information, including similarities in behavior of
leishmanias and various microorganisms interacting with neutrophils, in addi-
tion to the recognized importance of neutrophils in Leishmania infections, we
are proposing that neutrophils can also play some role in the spread of Leishma-
niafrom the skin to other organs or tissues of the host.

In all models that exemplify the Leishmanialife cycle, the main ways proposed
for the parasite to leave the skin to reach other organs are basically, through
transport by macrophages and dendritic cells. Thus, these cells would be the
main agents responsible for the spread of the parasite, because after they phago-
cyte free parasites and/or apoptotic neutrophils containing parasites by effero-
cytosis (Trojan horse mechanism), they would carry the parasites together into
the lymphatic or blood vessels, subsequently reaching other tissues or releasing
viable parasites into the vessels after cell lysis.

Here we are suggesting one more likely mechanism for the spreading of
Leishmania in the body of the mammalian hosts, where besides dendritic cells
and macrophages, the neutrophils could also be able for the transporting of pa-
rasites from the skin to other tissues.

Accordingly, the reverse-migrated neutrophils, after phagocytize the Leish-
mania could access the lymphatics or blood vessels and from the lymphatics, the
parasites inside the neutrophils could easily reach the lymph nodes. Alternative-
ly, once in the blood, parasitized neutrophils could be redirected to other sites of
inflammation or infection in the skin for example, since they maintain an acti-
vated phenotype [47].

Likewise, after some time, when neutrophils have expressed surface receptors
indicative of senescence and subsequently when reaching the spleen, liver and
bone marrow, they could be cleared being phagocytized by resident macrophag-
es or dendritic cells. As for the neutrophils that fulfill their designated patrolling
lifetimes, although the majority will retire in the liver (29%) and spleen (31%),
many will return to the bone marrow (32%) for clearance [47] (Figure 6). Thus,
the parasites also could be released inside those new tissues to infect other cells
after neutrophil lysis.

Several aspects could serve as support for our theory, the undeniable impor-
tance of neutrophils on the interaction between Leishmania and the mammal
hosts defenses, have been already fully proven through “in vivo” and “in vitro”
studies involving several different species and strains of Leishmania.

Those studies included, infection by sand fly bite or needle injection, different

routes of infection (intravenous, intradermal, subcutaneous or intraperitoneal)
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HIPOTHETICAL LIFE CYCLE OF Leishmania spp CONSIDERING THE NEUTROPHIL REVERSE TRANSMIGRATION
AS A MECHANISM OF PARASITE DISSEMINATION
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Figure 6. Hypothetical life cycle of Leishmania spp. considering the neutrophil reverse transmigra-
tion as a mechanism of parasite dissemination—The life cycle of visceral leishmaniasis considering
neutrophils as one of the cells involved in the spread of the parasite in mammal hosts: 1) Neutro-
phils from bone marrow access the bloodstream. 2) Due to the chemotactic factors produced by
tissue damage, and by the presence of the phlebotomine saliva, the parasites as well as some factors
produced by them. Neutrophils transmigrate from the bloodstream to the injured area. Once in the
injured tissue, neutrophils quickly phagocytize the parasites and it is now known that: they can re-
main infected for a while in the infection sites where they can even allow the multiplication of
intracellular parasites. They can become apoptotic and later be phagocytized by macrophages or
dendritic cells through the process of efferocytosis—the Trojan horse model (on top right side).
They can transport parasites to the lymph nodes (on top left side). Taking into account the neutro-
phil’s reverse transmigration mechanism: these cells could transport the parasites into the blood
(3); once in the blood, they could be cleared in the liver (4) and/or the spleen (5); and, finally, in-
fected senescent neutrophils in the blood, they could return to the bone marrow (6).

in a variety of host species, breeds and strains (human, canids and rodents like,
hamsters and susceptible and resistant mice). Likewise, they were performed at
different time intervals [48].

From the results, several chemotactic factors of neutrophils have been de-
scribed showing components derived respectively from the insect vector, the pa-
rasite and the host.

From the vector insect, it was demonstrated that the phlebotomine saliva
could induce an intense local neutrophil mobilization.

Regarding the components derived from the parasite, we have the promasti-

gote secreting gel (PSG) and the chemotactic factor Leishmania (LCF) and, fi-
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nally, of the host factors described, there are several, IL-8, CXCL1, CXCL2,
CXCL6 C3, IL-17 and GCP-2 and GCP-2, all extremely effective in chemotaxis
of neutrophils [33].

The similarities of neutrophil response between Leishmania and other patho-
gens it is another important factor to be considered.

In Leishmania major, the CCRI regulates both the leucocyte chemotaxis as
well as the Th1/Th2 cytokine responses to leishmaniasis, besides it also enhances
the susceptibility during early phase of infection. Coincidentally, in Ankara virus
that may be carried by neutrophils from the skin to lymph nodes and bone mar-
row. CCR1 regulates both the leucocyte chemotaxis as well as the Th1/Th2 cyto-
kine responses [49].

Correspondently, it was suggested that L. donovani induces defective anti-
gen-specific CD8+ T cell responses in mice infected, in with it is produced CD8+
T cell responses with restricted clonal expansion.

In L. donovani infection, CD8+ T cells sustained only 8 - 9 cycles of division,
instead of 19, which would correspond to naive cells. In addition, they also did
not accumulate in the spleen.

Even well throughout the infection, when considerable amounts of antigens
are presented, CD8+ T cells undergo a second round of activation, but end up
becoming dysfunctional and eventually die from “exhaustion”. Similarly high
antigen levels also have been described as a cause of CD8+T cell “exhaustion”
during chronic viral infections [50].

In patients with active visceral leishmaniasis (L. infantum) the CD8+ T cells
showed a reduced response after stimulation besides a higher percentage of
apoptotic cells when compared to healthy controls. In the spleen of these pa-
tients, there was also a significant reduction in CD18 + CD45RO + CD8+ T cells,
in contrast to CD18 + CD8+ T cells retained in bone marrow [50] [51].

Coincidentally, a compartmentalization of the response observed, was similar
to what happens in viral infection when the antigen is firstly transported to the
bone marrow [50].

Such compartmentalized response has already been described in dogs experi-
mentally infected with L. infantum. Despite the parasite’s cutaneous invasion,
the local cytokine response was absent up to six months after the inoculum. It
was suggested that the main target organs, like spleen and liver, showed a mixed
cytokine immune response early on infection. On the other hand, the an-
ti-inflammatory and immune responses in peripheral tissues were only activated
posteriorly, during the chronic-patent stages of the disease [52].

There are many other indications that reinforce the possibility of reverse
transmigrated neutrophils could have some role on the Leishmania dissemina-
tion in the host body. Significant numbers of neutrophils are present at the in-
oculation site, lesions, and draining lymph nodes from Leishmania-infected
mice [53] and GM-CSF, delay the apoptosis of neutrophils by increasing mito-
chondrial stability and reducing caspase 3 activity [54].

Mice receiving intradermal parasites exhibited a greater influx of neutrophils
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to the site of infection, and these cells were better able to internalize promasti-
gotes when compared to mice infected subcutaneously. This early neutrophilic
response corresponded with a 10-fold higher parasite burden in intra-dermally
infected mice versus subcutaneously infected mice. It underscores the potential
for distinct immunological outcomes when comparing infection in different tis-
sue compartments [55].

In dogs experimentally infected with Leishmania infantum through intrader-
mal inoculation of promastigotes, just 3 to 4 h after inoculation the parasites
were observed inside of neutrophils and scarce macrophages.

Interestingly, those parasitized cells progressively disappeared from the skin
and 24 h after inoculation parasites were no longer observed. It was suggested
that the parasites could have been dispersed in the canine organism and the ma-
crophages could have some role as “carriers”, considering that later were ob-
served parasites in the popliteal lymph node as well as a humoral response [56].

However, taking into account that the authors reported that the parasites were
mainly within neutrophils, in addition to some macrophages, then it is perfectly
plausible to assume that neutrophils could also be responsible for the spread of
the parasites, at least in part.

In the ear dermis of supposedly resistant C57BL/6 mice infected with L. major
or L. mexicana, it was observed that the parasites were initially in neutrophils
and later in macrophages. Neutrophils represented more than 80% of the total
number of infected cells in 12 to 24 hours, and each neutrophil presented at least
one viable parasite. Actually, after in vitro infections L. major was able to survive
within neutrophils for hours [33].

Once again, the only assumed form for the spread of the parasite was through
macrophages, by phagocytosis of apoptotic neutrophils containing parasites
(Trojan horse) or direct phagocytosis of parasites after their release by neutro-
phils. However, it is likely that neutrophils also play a role in clearance of the
parasite through the mechanism of reverse transmigration.

In fact, a study involving the monitoring of BALB/mouse inflammatory cells,
after intradermal inoculation of ears with L. infantum metacyclic promastigotes,
showed that neutrophils contained the highest proportion of intracellular para-
sites 6 to 24 h after inoculation, in contrast, dermal macrophage harboring most
intracellular parasites were observed only after 2 to 7 days [57].

Anyway, it is obvious that the role of neutrophils in the interaction with
Leishmania composes a very complex puzzle, but from the description of the
phenomenon of reverse transmigration of neutrophils as a common physiologi-
cal phenomenon, in addition to the possibility of these cells transporting patho-
gens through the natural barriers of the host. This may suggest that the role of

neutrophils in this interaction goes far beyond a simple Trojan horse.

3. Conclusions

Currently, in the life cycle of visceral leishmaniasis it has been assumed that ma-
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crophages infected are the most important cells regarding parasite dispersion in
the mammal host body. On the other hand, neutrophils would serve mostly just
as a Trojan horse, being responsible for silent transference of the parasite to ma-
crophages. Actually, most of those articles presume that neutrophils are
short-lived cells and the only way to promote the clearance of these cells from
inflamed tissues is the mechanism of efferocytosis that is mainly achieved by the
phagocytosis of apoptotic neutrophils by macrophages.

However, taking into account the description by Hughes J. et al 1997 that, in
an injured tissue, the emigration of neutrophils could exceed the clearance in si-
tu by apoptosis.

In addition to the most recent evidence of the occurrence of this phenomenon
called neutrophil, reverse transmigration was observed through several different
animal models, and also, it was recognized as a very common physiological me-
chanism that can provide transport of microorganisms across the host's natural
barriers.

We are suggesting that neutrophils may also play a role in the spread of the
parasite from the skin to other tissues in mammalian hosts, especially in visceral
leishmaniasis. Thus, the reverse transmigration of neutrophils could be respon-
sible, at least in part, for the transport of the parasite to the main target organs,

such as the liver, spleen and bone marrow.
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