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Abstract: The maintenance of homeostasis in living systems requires the elimination

of unwanted cells which is performed, among other mechanisms, by type | cell death or
apoptosis. This type of programmed cell death involves several morphological changes

such as cytoplasm shrinkage, chromatin condensation (pyknosis), nuclear fragmentation
(karyorrhexis), and plasma membrane blebbing that culminate with the formation of
apoptotic bodies. In addition to the maintenance of homeostasis, apoptosis also represents an
important defense mechanism for cells against intracellular microorganisms. In counterpart,
diverse intracellular pathogens have developed a wide array of strategies to evade apoptosis

and persist inside cells. These strategies include the manipulation of signaling pathways
involved in the inhibition of apoptosis where mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K] play a key role. Leishmania is an intracellular protozoan
parasite that causes a wide spectrum of diseases known as leishmaniasis. This parasite
displays different strategies, including apoptosis inhibition, to down-regulate host cell defense

mechanisms in order to perpetuate infection.
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Introduction

Leishmaniasis and its causative agent,
Leishmania

The term leishmaniasis refers to a group of para-
sitic diseases caused by different species of an
intracellular protozoan of the genus Leishmania.
It is a health problem worldwide, affecting more
than 12 million people. This disease develops in
different clinical manifestations comprising from
cutaneous lesions (cutaneous leishmaniasis) and
damage to the oral, nasal, and pharyngeal mucosae
(mucocutaneous leishmaniasis) to life-threatening
systemic infections that affect internal organs,
mainly the liver, spleen, and bone marrow (vis-
ceral leishmaniasis). These clinical forms derive
from complex interactions between the host
immune response and the infecting Leishmania
species!>? that are transmitted to human beings

and other mammals through the bite of sandflies
that belong to the genus Phlebotomus (in Europe,
Asia, and Africa) and Lutzomyia (in America).?

Leishmania presents with two developmental
stages during its life cycle: the promastigote and
the amastigote. The promastigote is the flagel-
lated, mobile, and extracellular form of the para-
site that develops and multiplies in the digestive
tract of the sandfly vector.* On the other hand,
the amastigote is the immobile and intracellular
form of the parasite that resides in the parasito-
phorous vacuole of phagocytic cells such as mac-
rophages and dendritic cells.5:¢

Within macrophages, promastigotes differentiate
into amastigotes inside the phagolysosome and
divide intensely by binary fission until they lyse
the cell. Once released, amastigotes infect
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adjacent macrophages in which they once again
actively divide until they lyse the cell and subse-
quently infect more macrophages. Interestingly,
the rapid phagocytosis of Leishmania promastig-
otes by macrophages, in particular through com-
plement receptor 3 (CR3),7 prevents the activation
of macrophage microbicidal mechanisms and
prevents immune recognition of the parasite.

As a response to infection, host cells initiate differ-
ent processes to counteract it, where apoptosis
plays a predominant role. Apoptosis is important
for the host to eliminate infected cells and to acti-
vate the immune system. In turn, different viruses,
intracellular bacteria, and protozoa have evolved
multiple mechanisms to overcome apoptosis of the
infected cell, survive, and perpetuate infection.®

Generalities of apoptosis

Apoptosis is a crucial process that occurs in
many organisms under normal conditions. It is
involved in the maturation, remodeling, growth,
and the development of tissues, as well as in
pathological situations that involve tissue dam-
age. Apoptosis is a finely-tuned process which is
regulated through stimulatory and inhibitory
mechanisms that control apoptosis to maintain
tissue homeostasis.

Apoptosis is classified, along with autophagy, as a
type of programmed cell death and is distinguished
from necrosis, which is a type of non-programmed
cell death.® The term apoptosis was coined in 1972
by Kerr to describe a type of cell death character-
ized by morphological and molecular features dif-
ferent from other types of cell death. Such
morphological characteristics include progressive
cell rounding, pseudopod retraction, a reduction in
cell and nuclear volume (pyknosis), nuclear frag-
mentation (karyorrhexis), the structural modifica-
tion of organelles, and vesicle formation due to
blistering of the plasma membrane.%10 Recently, the
Committee for Nomenclature of Cell Death has
pointed out the importance of including quantifia-
ble biochemical parameters in the characterization
of apoptosis (along with other types of cell death).!!

Apoptosis induction pathways

Apoptosis can be initiated by three pathways: the
extrinsic pathway, the intrinsic pathway (subdi-
vided into mitochondrial-induced apoptosis and
endoplasmic reticulum-induced apoptosis), and

the caspase (aspartate-specific peptidases, depend-
ent on cysteine)-independent pathway.12-14

The extrinsic pathway is activated by extracellular
processes through soluble ligands that bind to
their respective receptors encoded in genes of the
tumor necrosis factor receptor (TNFR) super-
family; they are characterized by the presence of
an intracellular domain of approximately 80
amino acid residues called the death domain
(DD).1517 Some of the known members of this
family include the Fas receptor and its ligand
FasL (FasR/FasL), the tumor necrosis factor al
(TNFal) and its ligand TNF-a (TNF-o/
TNFR1), Apo3L/DR3, and TNF-related apop-
tosis-inducing ligand (TRAIL) and its receptor
(TRAILR). The extrinsic pathway initiates when
one of these receptors, for example, FasR, found
in the cell surface as a labile homotrimer, is acti-
vated by the binding of its ligand. This stabilizes
it and induces conformational changes in the DD
that recruits proapoptotic proteins such as the
DD union protein associated with FAS (FADD),!8
the protein kinase that interacts with receptors
[receptor-interacting  serine/threonine-protein
kinase 1 (RIPK1)], and the initiation procaspases
(2, 8,9and 10), mainly 8 and 10. DD also recruits
antiapoptotic proteins such as the cellular pro-
teins inhibitors of apoptosis (IAP), the ubiquitin
ligase E3, and the protein cFLIP that interfere
with caspase activation, among others. All these
proteins bind to the FasR trimer to form the death
inducer signaling complex (DISC), which consti-
tutes a platform for the autocatalytically activa-
tion of procaspase 8 or 10. Once caspase 8 or 10
is activated, the executioner phase of apoptosis
starts. Interestingly, caspase 8 can degrade BH3
interacting-domain death agonist (Bid) and form
a truncated Bid (tBid), initiating the intrinsic
pathway of apoptosis.!2

The intrinsic pathway of apoptosis

The mitochondrial or intrinsic pathway is initi-
ated by cellular stress, which originates from dif-
ferent sources, including DNA damage, oxidative
stress, radiation, hypoxia, nutrient deprivation,
and high concentrations of calcium (Ca") in the
cytoplasm, among others.!® Regardless of the ori-
gin of the inducer, this pathway inevitably leads to
the permeabilization of the mitochondrial external
membrane (MOMP). This event is so crucial in
apoptosis that it is finely regulated by proteins that
belong to the B-cell lymphoma 2 (Bcl-2) family.
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These are characterized by the presence of homol-
ogy domains called BH, ranging from 1 to 4. The
Bcl-2 family is subdivided into three groups: (1)
antiapoptotic proteins that possess four BH homol-
ogy domains, for example Bcl-2, Bcl-xL., induced
myeloid leukemia cell differentiation protein
(Mcl-1), and Al. (2) Proapoptotic proteins that
have homology domains BH1 to BH3, such as
Bcl-2-associated X protein (Bax) and Bcl-2
homologous antagonist killer protein (Bak). (3)
Proapoptotic proteins that solely possess the
homology domain BH3, such as Bcl-2-associated
agonist of cell death (Bad), BH3 interacting-
domain death agonist (Bid), Bcl-2-interacting
killer (Bik), Bcl-2-modifying factor (Bmf), p53
upregulated modulator of apoptosis (PUMA),
phorbol-12-myristrate-13-acetate-induced protein
1 (NOXA), and activator of apoptosis harakiri
(Hrk),

The MOMP originates by the action of the pro-
apoptotic proteins Bak and Bax, which polymer-
ize in the mitochondrial external membrane to
form pores. Once settled, they constitute a point
of no return in the apoptotic process, as three
lethal processes for the cell occur: (1) dissipation
of the membrane potential with the subsequent
disappearance of ATP synthesis and active trans-
port systems, (2) release from the mitochondrial
intermembrane space to the cytoplasm of toxic
proteins such as cytochrome C, apoptosis-induc-
ing factor (AIF), endonuclease G (EndoQG), direct
union protein to IAP with low pI (DIABLO or
SMAC), high temperature requiring protein A2
(HTRA2), and (3) inhibition of the respiratory
chain. In the cytoplasm, cytochrome C binds to
the adaptor protein apoptotic protease activating
factor 1 (APAF1) and activates it, which induces
the recruitment of procaspase 9 and the forma-
tion of a multiproteic complex named apopto-
some, through which procaspase 9 is activated by
autoproteolysis, which in turn activates procas-
pase 3 and initiates the executioner phase of
apoptosis.!?20 These key downstream effector
caspases can process at least 1000 proteins trig-
gering cellular changes that result in apoptosis.2!

Endoplasmic reticulum-induced apoptosis

Some authors have established a subdivision of
the intrinsic pathway as the intrinsic pathway via
endoplasmic reticulum stress-induced apoptosis,
which occurs when the inducing stimulus is the
misfolding of proteins and their subsequent

accumulation in the endoplasmic reticulum (ER).
When this accumulation reaches a critical point,
some ER membrane sensors such as protein
kinase RNA-like endoplasmic reticulum kinase
(PERK), inositol-requiring protein 1 (IREla),
and activating transcription factor 6 (ATF6) are
activated. When these sensor mechanisms are not
able to compensate for the misfolded protein con-
centration, apoptosis is induced, mainly through
the association of IRE1 with Bax and Bak, and at
the same time, members of the mitogen-activated
protein kinase (MAPK) family, mainly MAPK
p38 and jun N-terminal kinases (JNK), are
activated.!422

Caspase independent pathway

The caspase-independent pathway is character-
ized by the fact that mitochondrial damage induces
the release of various molecules with pro-apop-
totic capacities, such as the AIF, EndoG and the
serine protease HTRA2. These three molecules
alone can induce apoptosis, without the participa-
tion of caspases as intermediaries. AIF and EndoG
can enzymatically attack DNA, while HtrA2
exerts a proteolytic effect on the cytoskeleton.14:23

Phases of activation of apoptosis

Regardless of the initiation pathway, apoptosis
transits through three phases. These are: initia-
tion or activation, execution, and cell demoli-
tion.!* The initiation phase is characterized by the
turning on of genes and signaling pathways
required for apoptosis. The executioner phase is
characterized by the participation of the execu-
tioner caspases 3, 6, and 7, which in turn are acti-
vated by the initiation caspases 2, 8, 9, and 10.
The executioner caspases are the enzymes respon-
sible for the dismantling of the cell and provoke
the morphological changes characteristic of apop-
tosis.2* They exert proteolytic activity on multiple
substrates of vital importance to the cell, for
example, cytoskeletal proteins damaging both cell
and nuclear membrane integrity. In addition,
they activate endonucleases, which promote
DNA degradation and fragmentation.24-31

Signaling pathways that participate in
apoptosis

As mentioned before, apoptosis is crucial for the
maintenance of homeostasis. This silent type of
cell death requires fine regulation which is
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achieved through a complex genetically-encoded
machinery that regulates an extensive circuit of
different intracellular signaling pathways. These
pathways activate both cell death signals (pro-
apoptotic) and regulatory signals for apoptosis or
survival (antiapoptotic signals). Every step in the
initiation and executioner phases is regulated at
one level by different proteins, among them cas-
pase inhibitory proteins and proteins of the Bcl-2
family, and to another level by signal transduction
pathways. Among the different signaling path-
ways that intervene in apoptosis, the MAPKs are
key participants.

The role of MAPK in apoptosis

The MAPKSs are a family of kinases that specifi-
cally phosphorylate serine/threonine residues and
is composed of at least three groups of kinases:
ERK, JNK, and p38, each one with different iso-
forms. One of the main actions of MAPK is the
activation of transcription factors which regulate
gene expression and lead to crucial molecular
events in the cell. Affected are growth, prolifera-
tion, the production of inflammatory cytokines,
and apoptotic cell death.!%32 In particular, JNK
phosphorylate proapoptotic and antiapoptotic
proteins, causing their activation or inhibition.
JNK translocates to the nucleus and activates
c-Jun and other transcription factors that pro-
mote the expression of pro-apoptotic genes,
through mechanisms dependent on p53/73 or
c-Jun/activator protein 1 (AP-1).33:34 In addition,
the activation of JNK and its translocation to the
mitochondria promotes the phosphorylation of
the inhibitory protein 14-3-3. When the protein
14-3-3 is phosphorylated, Bax is released and
translocated to the mitochondria, inducing the
formation of pores in the mitochondrial mem-
brane. This facilitates the subsequent release of
cytochrome C and the induction of apoptosis
through the intrinsic pathway. Furthermore, JNK
phosphorylates Bcl-2 and Bcl-Xl1, and causes its
inactivation; in addition, the phosphorylation of
BAD by JNK induces its dissociation from
Bcl-xL, which ultimately favors apoptosis.33:3¢
Another MAPK that plays an important role in
apoptosis is p38, which can be activated simulta-
neously with JNK.37 Similarly to JNK, p38 phos-
phorylates proteins both for its activation and
inactivation. As an example, p38 phosphorylates
Bad, Bax, and Bim, as well as extra-long Bim
(BimEL), which results in its activation that
drives apoptosis.35:36 (pro-apoptotic proteins),38-42

and at the same time inhibits the extracellular
single-regulated kinase (ERK) and protein kinase
B (Akt) pathways (antiapoptotic proteins).41:42
On the other hand, ERK mainly participates
through the activation of signaling pathways that
favor cell survival.43

The PI3K/Akt signaling pathway in apoptosis

The PI3K/Akt signaling pathway is a key partici-
pant in cellular survival and is involved in differ-
entiation, proliferation, and metabolism; despite
this, it also participates in apoptosis down-
regulation. PI3K is a heterodimer formed by a
p85 regulatory subunit and a p110 catalytic subu-
nit responsible for phosphate transfer. Akt is a
kinase that phosphorylates serine or threonine
residues and in mammals is present in three iso-
forms: Aktl, Akt2, and Akt3. The signaling path-
way initiated by these kinases is activated by
different stimuli; of particular note are growth
factors. When the ligand binds to receptors cou-
pled to tyrosine kinases (RTK) or G proteins
(GPCR), an insulin receptor substrate (IRS)
adaptor protein is activated. This, in turn, acti-
vates the regulatory PI3K subunit and results in a
conformational change that allows for the binding
of the catalytic subunit. The result is the assembly
of the active molecule which catalyzes the conver-
sion of phosphatidylinositol 4,5-biphosphate
(PIP,) into phosphatidylinositol 3,4,5-trisphos-
phate (PIP,).#+% PIP, binds to and recruits Akt
through the pleckstrin homology domain present
in Akt. This facilitates the complete phosphoryla-
tion of Akt by phosphoinositide-dependent pro-
tein kinase 1 (PDK1) at threonine 308 and by
mTOR complex 2 (mTORC2) at serine 473.46:47

The PI3K/Akt signaling pathway modulates
apoptosis primarily through the inactivation of
proapoptotic proteins and the induction of anti-
apoptotic genes. The phosphorylation of Bad by
Akt facilitates its binding with protein 14-3-3;
this, in turn, promotes the degradation of Bad in
the proteasome. This pathway also activates the
transcription factors cAMP response element-
binding protein (CREB) and nuclear factor
kappa-light-chain-enhancer of activated B cells
(NFxB), which regulate the expression of anti-
apoptotic genes such as those found in the Bcl-2
family or IAPs. Active Akt also induces the inac-
tivation of glycogen synthase kinase-3 (GSK3), a
kinase that is constitutively active in the absence
of exogenous signals and which phosphorylates
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different substrates for their degradation by the
proteasome. The inactivation of GSK3 by Akt
stabilizes the intracellular concentration of antia-
poptotic molecules such as induced myeloid leu-
kemia cell differentiation protein 1 (Mcl-1) or
transcription factors such as c-Myc or forkhead
box protein O (FOXO). C-Myc promotes the
expression of antiapoptoitc genes, while FOXO
the intracellular concentration of antiapoptotic
proteins such as Mcl-1, together with transcrip-
tion factors such as c-Myc which intervene in the
expression of antiapoptotic genes. FOXO is a
transcription factor that, in the absence of an
exogenous stimulus, is found in the nucleus,
inducing the synthesis of pro-apoptotic genes
such as PUMA, Bim, TRAIL, FasL, among oth-
ers. However, when Akt is activated, it phospho-
rylates FOXO, which induces it to leave the
nucleus into the cytosol; here, it is recognised by
the 14-3-3 protein and is degraded by the protea-
some pathway.35-36-46:47 Iy this way, Akt allows the
balance within the Bcl-2 protein family to remain
in favor of the antiapoptotic side, inducing the
degradation of pro-apoptotic proteins and induc-
ing the expression of antiapoptotic genes.

As already mentioned, apoptosis is an important
defense mechanism against intracellular microor-
ganisms. In response, pathogens employ a range
of strategies to inhibit apoptosis and, therefore,
survive, reproduce, and develop.!* An excellent
example of an intracellular microorganism that
utilizes numerous strategies to counteract host
cell defense mechanisms is Leishmania.

Leishmania induces inhibition of cell death

by apoptosis

The intracellular parasite Leishmania has the
capacity to invade a variety of cell types, including
neutrophils, macrophages, and dendritic cells. As
a strategy to evade the immune response, as well
as to achieve intracellular survival, it has been
well demonstrated that Leishmania inhibits the
apoptosis of these cells, although the molecular
mechanisms underlying this inhibition are not
completely understood. (Table 1).

The first demonstration of the capacity of
Leishmania to inhibit the apoptosis of host cells was
carried out in 1994 by Moore and Matlashewski.
They showed that bone marrow-derived mac-
rophages (BMM) infected with Leishmania dono-
vani (L. donovani) promastigotes or stimulated

with LPG (glycolipid lipophosphoglycan) inhibited
apoptosis induced by macrophage colony-stimulat-
ing factor (M-CSF) deprivation.

They observed that the inhibition observed was
probably due to soluble mediators, since the cul-
ture supernatant of infected BMM was able to
inhibit apoptosis.>°

Later, it was shown that macrophages infected
with promastigotes of a different Leishmania spe-
cies, Leishmania major (L. major), and cultured in
the absence of M-CSF or the presence of ailuro-
podine, showed a decrease in MOMP, inhibition
of mitochondrial cytochrome c release, and inhibi-
tion of caspase-3 activation, which caused a delay
in the initiation of apoptosis.>” Other studies con-
ducted with cell lines revealed similar results. The
infection of the monocyte cell line U937 with
Leishmania infantum (L. infantum) inhibited apop-
tosis mediated by actinomycin D538 and the infec-
tion of the macrophage RAW 264.7 cell line with
L. major decreased the frequency of apoptosis,
even in the presence of cycloheximide.>®

Although macrophages are considered the princi-
pal host cells for Leishmania, the parasite has the
capacity to invade other cells, and its survival
inside them has important repercussions during
its life cycle. Neutrophils are the first phagocytic
cells to infiltrate the inoculation site. They are the
first cells that phagocytose Leishmania promastig-
otes and constitute a temporal refuge for the para-
site, where apoptosis inhibition is an important
requisite to achieve this goal. It has been shown
the infection of neutrophils with L. major promas-
tigotes decreases caspase-3 activity and thus
inhibits the spontaneous apoptosis of these cells.®®

Leishmania also has the capacity to invade den-
dritic cells, which play a predominant role in the
development of the disease. Our group has dem-
onstrated that the infection of monocyte-derived
dendritic cells with Leishmania mexicana (L. mexi-
cana) amastigotes or promastigotes inhibits
camptothecin-induced apoptosis of these cells.%!

Signaling pathways involved in the inhibition

of apoptosis by Leishmania

During the process of inhibition of apoptosis
induced by Leishmania, various molecular mecha-
nisms are altered, both on behalf of the host cell
and the parasite. These mechanisms involve
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Table 1. The main proteins thus far described which participate in the inhibition of apoptosis induced by

different species of Leishmania.

Leishmania species
affected

Apoptosis protein/pathway

Cell type Reference

MAPK P38, JNK and ERK
Akt
FOXO0-1
MOMP
Caspase 3
PD-1

Bad

CREB
MCL-1
SOCS
Caspase 7

Leishmania donovani

MAPK ERK 1/2
Bcl-2, Bfl-1
Cytochrome c
Caspase 6

Fas

PI3K/Akt
Bad
Bcl-2

Leishmania major

Leishmania major
Leishmania pifanoi

Privé and Descoteaux’s;
Gupta et al.4%;

Roy et al.%?;

Giri et al.5"; Pandey

et al.%2; Srivastav et al.53

Bone marrow
macrophages
RAW 264.7

Neutrophils Sarkar et al.5

Bone marrow Ruhland et al.%®

macrophages

MAPK (mitogen-activated protein kinase), JNK (c-Jun N-terminal kinases), ERK, extracellular signal-regulated kinases),

Akt (serine/threonine-specific protein kinase from AKR mouse), FOXO-1 (Forkhead box protein 01), MOMP (Mitochondrial
outer membrane permeabilization), Caspase (cysteine-aspartic proteases), PD-1 (Programmed cell death protein 1), Bad
(BCL2 associated agonist of cell death), CREB (cAMP response element binding protein), MCL-1 (Myeloid cell leukemia 1),
SOCS (Suppressor of cytokine signaling), Bcl-2 (B cell Lymphoma), Bfl-1 (Bcl-2-related gene from human fetal liver], Fas

(FS-7-associated surface antigen).

both survival and cell death signals, whose bal-
ance contributes to the resolution or progression
of the disease. Recent research has tried to deci-
pher the pathways that are manipulated by the
parasite to permit its survival inside the host.
Among the main actors participating in the inhi-
bition of apoptosis induced by Leishmania are
members of the MAPK family, as well as PI3K/
Akt (Figure 1).14:43,62,63

The participation of MAPK in the inhibition of
apoptosis by Leishmania has been demonstrated
in several cells infected with different Leishmania
species. Our group has demonstrated that amas-
tigotes and promastigotes of L. mexicana signifi-
cantly reduced the phosphorylation of MAPK,
JNK, and p38 in monocyte-derived dendritic
cells.5467 The inhibitory effect on MAPK activa-
tion has been reported to be only observable in
immature dendritic cells, since LPS stimulation-
driven maturation did not suppress the phospho-
rylation of MAPK, particularly JNK.% It has been
shown that not only does the parasite inhibit

pro-apoptotic signaling of MAPK p38, but that
this phenomenon has been observed with certain
soluble structural components of the protozoan,
such as the surface protein gp63.8

Similar results reflecting the participation of
MAPK in the inhibition of apoptosis by
Leishmania have been observed in bone marrow
macrophages (BMM) stimulated with interferon-
gamma (IFN- v) and infected with L. donovani
promastigotes, where the inhibition of p38, JNK,
and ERK ensured the survival of the parasite.4®
Inhibition of p38 has also been shown to be asso-
ciated with an increase in the number of infected
macrophages and parasite survival.®®

Participation of the PI3K/Akt pathway in the
inhibition of apoptosis by Leishmania
Interestingly, in addition to Leishmania’s capacity
to down-regulate proapoptotic signaling pathways
such as MAPK, it has been shown that the para-
site is capable of activating signaling pathways
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Figure 1. Signaling pathways involved in the inhibition of apoptosis by Leishmania. Schematic representation
of the proposed apoptosis inhibition mechanisms of Leishmania mexicana (L. mexicana) amastigotes in human
monocyte-derived dendritic cells (mdDC) by Vazquez-Ldpez and colleagues. In this model, L. mexicana inhibits
mitogen-activated protein kinase [MAPK], Jun N-terminal kinase (JNK) and p38 phosphorylation (proapoptotic
mechanisms), while activating phosphatidylinositol 3-kinase (PI3K])/Akt (antiapoptotic mechanisms]).

CREB, cyclic AMP response element binding protein; HIF-1, hypoxia-inducible factor 1-alpha; IRS, insulin receptor
substrate; NF-«xB, nuclear factor kappa-light-chain-enhancer of activated B cells; PDK1, phosphoinositide dependent kinase
1; PIP2, phosphatidylinositol 4,5-biphosphate; PIP3, phosphatidylinositol 3,4,5-triphosphate.

involved in cell survival. A demonstration of this
has been performed in neutrophils infected with
L. major; here, a delay in apoptosis was observed
as a result of activation of the MAPK ERK 1/2,
activation of anti-apoptotic proteins Bcl-2 and
Bfl-1, inhibition of mitochondrial cytochrome ¢
release, inhibition of caspase-6, and low expres-
sion of FAS.>* We have also shown that mono-
cyte-derived dendritic cells infected with L.
mexicana, with or without a pro-apoptotic stimu-
lus (camptothecin), activate the PI3K/Akt survival
pathway.%¢ In addition, the infection of BMM
with L. major or Leishmania pifanoi has also been
shown to activate the PI3K/Akt survival pathway
and phosphorylate Bad downstream; this, in turn,
inhibits the 14-3-3 protein, enhancing the antia-
poptotic action of B¢l-2.55

Furthermore, pharmacological inhibition of the
Akt pathway has been observed to inhibit its antia-
poptotic signal in BMM or RAW 264.7 infected
with L. domovani. Likewise, it was shown that
downstream in this pathway, Akt phosphorylates

and inhibits FOXO-1, a transcriptional regulator
of pro-apoptotic proteins. Using a constitutively
active construct of FOXO-1 that cannot be inhib-
ited by Akt, it was possible to reduce the antiapop-
totic effect of Akt. In addition, within the Akt
pathway, the inhibition of glycogen synthase kinase
3 B (GSK-3p) also occurs downstream; as a conse-
quence, the release of B-catenin to initiate the tran-
scription of anti-apoptotic proteins is enhanced.
Employing constitutively active construction
GSK-3, it was possible to inhibit -catenin, lead-
ing to the inhibition of the transcription of anti-
apoptotic proteins with the consequent loss of
MOMP together with the activation of caspase-3.
In addition, the inhibition of the anti-apoptotic
pathway of Akt leads to increased interleukin-12
(IL-12) production and decreased interleukin-10
(IL-10) production, which correlates with a higher
death rate of the parasite.*®

In addition, Akt can be inhibited by the activation
of the programmed death receptor 1 (PD-1). It
has been shown that BMM and RAW 264.7
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infected with L. donovani and experiencing
induced apoptosis with H,0O,, results in the rever-
sal of activation effect of PD-1. In addition, phos-
phorylation and inhibition of the pro-apoptotic
protein BAD occurs. Furthermore, it was demon-
strated that L. donovani induces the negative reg-
ulation of nuclear factor of activated T cells
(NFATcl), which regulates PD-1 expression in
T cells, thus promoting the survival of the para-
site within macrophages.>°

Leishmania modulation of proteins of the

Bcl-2 family

As another strategy to modulate host cell apopto-
sis, it has been shown that Leishmania has the
capacity to interact with members of the Bcl-2
family. It has been shown that L. donovani pro-
mastigotes activate the transcriptional factor
CREB and the synthesis of the Mcl-1 protein in
murine macrophages, as a survival and inhibition
mechanism of apoptosis. The inhibition of CREB,
Mcl-1, or both, reduces their anti-apoptotic
effects; as a result, apoptosis is induced.>!

In addition, it has been shown that the infection of
different macrophage populations with L donovani
activates the expression of Bcl-2 as an anti-apop-
totic mechanism. This activation leads to the inhi-
bition of nitric oxide (NO) production and
enhances the survival of the parasite. When specific
Bcl-2 inhibitors were used, the anti-apoptotic effect
was reversed, NO levels increased and the parasite
load diminished. Interestingly, this has been shown
to occur in patients with visceral leishmaniasis.52

Finally, in a model of infection of monocyte-
derived dendritic cells with L. mexicana, we have
demonstrated an increase in the protein presence
of Bcl-xLL as a strategy to inhibit apoptosis.”°

Other survival mechanisms employed by
Leishmania

As already mentioned, reactive oxygen species
(ROS) are important inducers of apoptosis. In
basal conditions, the protein thioredoxin partici-
pates in the ROS uptake system; therefore, it plays
an important role in cell protection from ROS-
induced apoptosis. Along with thioredoxin, mem-
bers of the suppressors of cytokine signaling
(SOCS) family also participate in this mechanism
via inhibition of ROS-mediated apoptotic signaling
cascade. This mechanism is utilized by L. donovani

to survive in RAW 264.7 macrophages treated with
H,0,. It has been suggested that the parasite acti-
vates the SOCS pathway in addition to thioredoxin
and tyrosine phosphatase activity; as a result, cas-
pase three and seven activity is inhibited.>3

It is evident that Leishmania employs diverse
strategies to achieve intracellular survival, evade
recognition and the immune response, obtain
sustenance, grow and develop within the infected
cell, and even more favorable is infecting the cells
responsible for its elimination.

Conclusion

The process of cell death due to apoptosis and its
regulation involves a complex circuit of signaling
pathways, both for the induction and inhibition of
cell death. Apoptosis plays a vital role in many
biological processes, including growth, develop-
ment, and cellular and tissue remodeling which
are crucial for the homeostatic balance of an
organism. Due to this, apoptosis is a highly-regu-
lated process, achieved through a complex net-
work of signaling pathways. In addition, apoptosis
represents an important defense mechanism
against intracellular microorganisms. The initia-
tion of cell suicide in infected cells is promoted to
limit infection. As a counterpart to this strategy,
through the course of evolution intracellular
pathogens have developed a wide array of mecha-
nisms to counteract apoptosis and promote their
own survival inside host cells.

Recent research has tried to elucidate the com-
plex signaling pathways involved in apoptosis and
its regulation. Knowledge generated through this
work will provide crucial information to aid our
understanding of the molecular mechanisms
involved in the pathophysiology of the disease. In
the future, this will provide the basis for the devel-
opment of new drugs for the treatment and pre-
vention of leishmaniasis.

Acknowledgements

We thank Dr. José Damian Carrillo Ruiz and Dr.
Antonio Ibarra for their participation and support
in a previous phase of the study.

Author contributions

R.V.-L. contributed to the conception and design
of this project, general supervision of the research
group, and gave final approval of this manuscript.
D.-A.A.-H. contributed to the conception and

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai

S-G Solano-Galvez, D-A Alvarez-Hernandez et al.

design of this project, general supervision of the
research group, and gave final approval of this
manuscript. L.G-K. contributed to the conception
and design of this project, general supervision of
the research group, and gave final approval of this
manuscript. S.G.S.-G. contributed substantially to
the drafting of the manuscript. All authors revised
and approved the final version of the paper.

Conflict of interest statement
The authors declare that there is no conflict of
interest.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article.

Ethics approval
Not applicable.

ORCID iDs '
Diego-Abelardo Alvarez-Hernandez
orcid.org/0000-0003-2340-6639

https://

Rosalino Vazquez-Lépez https://orcid.org/

0000-0002-1982-7329

References
1. Burza S, Croft SL and Boelaert M.
Leishmaniasis. Lancer 2018; 392: 951-970.

2. Colmenares M, Kar S, Goldsmith-Pestana K,
et al. Mechanisms of pathogenesis: differences
amongst Leishmania species. Trans R Soc Trop
Med Hyg 2002; 96: S3.

3. Akhoundi M, Kuhls K, Cannet A, ez al.
A Historical overview of the classification,
evolution, and dispersion of leishmania parasites
and sandflies. PLoS Negl Trop Dis 2016; 10:
¢0004349.

4. Bates PA. Leishmania sand fly interaction:
progress and challenges. Curr Opin Microbiol
2008; 11: 340-344.

5. Kautz-Neu K, Schwonberg K, Fischer MR, ez al.
Dendritic cells in Leishmania major infections:
mechanisms of parasite uptake, cell activation
and evidence for physiological relevance. Med
Microbiol Immunol 20125 201: 581-592.

6. Von Stebut E. Cutaneous Leishmania
infection: progress in pathogenesis research and
experimental therapy. Exp Dermatol 2007; 16:
340-346.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mosser DM, Wedgwood JF and Edelson

PJ. Leishmania amastigotes: resistance to
complement-mediated lysis is not due to a failure
to fix C3. ¥ Immunol 1985; 134: 4128-4131.

. Verma G and Datta M. The critical role of

JNK in the ER-mitochondrial crosstalk during
apoptotic cell death. ¥ Cell Physiol 20125 227:
1791-1795.

Kroemer G, Galluzzi L, Vandenabeele P, er al.
Classification of cell death: recommendations of
the nomenclature committee on cell death 2009.
Cell Death Differ 2009; 16: 3—11.

Kerr JFR, Wyllie AH and Currie AR. Apoptosis:
a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br ¥ Cancer 1972;
26: 239-257.

Galluzzi L, Bravo-San Pedro JM, Vitale I, ez al.
Essential versus accessory aspects of cell death:
recommendations of the NCCD 2015. Cell Death
Differ 2015; 22: 58-73.

Galluzzi L, Vitale I, Abrams JM, er al.

Molecular definitions of cell death subroutines:
recommendations of the nomenclature committee
on cell death 2012. Cell Death Differ 2012; 19:
107-120.

Galluzzi L, Vitale I, Aaronson SA, er al. Molecular
mechanisms of cell death: recommendations of
the nomenclature committee on cell death 2018.
Cell Death Differ 2018; 25: 486-541.

Solano-Galvez S, Abadi-Chiriti J, Gutiérrez-Velez
L, er al. Apoptosis: activation and inhibition in
health and disease. Med Sci 2018; 6: 54.

Wajant H. The Fas signaling pathway: more than
a paradigm. Science 20025 296: 1635-1636.

Schiitze S, Tchikov V and Schneider-Brachert W.
Regulation of TNFR1 and CD95 signalling by
receptor compartmentalization. Natr Rev Mol Cell
Biol 2008; 9: 655-662.

Mehlen P and Bredesen DE. Dependence
receptors: from basic research to drug
development. Sci Signal. Epub ahead of print 25
January 2011. DOI: 10.1126/scisignal.2001521.

Wong RS. Apoptosis in cancer: from
pathogenesis to treatment. ¥ Exp Clin Cancer Res
20115 30: 87.

Vaiecha M, Potésilova M, Matula P, et al.
Endonuclease G interacts with histone H2B and
DNA topoisomerase II alpha during apoptosis.
Mol Cell Biochem 2012; 363: 301-307.

Marin-Garcia J, Damle S, Jugdutt BI, ez al.
Nuclear-mitochondrial cross-talk in global
myocardial ischemia. A time-course analysis. Mol
Cell Biochem 20125 364: 225-234.

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai
https://orcid.org/0000-0003-2340-6639
https://orcid.org/0000-0003-2340-6639
https://orcid.org/0000-0002-1982-7329
https://orcid.org/0000-0002-1982-7329

Therapeutic Advances in Infectious Disease 8

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Crawford ED and Wells JA. Caspase substrates
and cellular remodeling. Annu Rev Biochem 2011;
80: 1055-1087.

Hotamisligil GS. Endoplasmic reticulum stress
and atherosclerosis. Nat Med 2010; 16: 396-399.

Chai J and Shi Y. Apoptosome and
inflammasome: conserved machineries for caspase
activation. Nail Sci Rev 20145 1: 101-118.

Taylor RC, Cullen SP and Martin SJ. Apoptosis:
controlled demolition at the cellular level. Nat
Rev Mol Cell Biol 2008; 9: 231-241.

Communal C, Sumandea M, De Tombe P, ez al.
Functional consequences of caspase activation in
cardiac myocytes. Proc Natl Acad Sci U S A 2002;
99: 6252-6256.

Orth K, Chinnaiyan AM, Garg M, er al. The
CED-3/ICE-like protease Mch2 is activated
during apoptosis and cleaves the death substrate
lamin A. ¥ Biol Chem 1996; 271: 16443-16446.

Hellwig CT, Passante E and Rehm M. The
molecular machinery regulating apoptosis signal
transduction and its implication in human
physiology and pathophysiologies. Curr Mol Med
2011; 11: 31-47.

Lemarie A and Grimm S. Mitochondrial
respiratory chain complexes: apoptosis sensors
mutated in cancer. Oncogene 2011; 30: 3985-4003.

Mierke CT. Physical view on migration modes.
Cell Adhes Migr 20155 9: 367-379.

Fogarty CE and Bergmann A. The sound of
silence: signaling by apoptotic cells. Curr Top Dev
Biol 2015; 114: 241-265.

Martinet W, De Meyer I, Cools N, ez al. Cell
death-mediated cleavage of the attraction signal
p43 in human atherosclerosis: implications for
plaque destabilization. Arterioscler Thromb Vasc
Biol 2010; 30: 1415-1422.

Gao W, Sun W, Qu B, ez al. Distinct regulation
of host responses by ERK and JNK MAP
kinases in swine macrophages infected with
pandemic (H1N1) 2009 influenza virus. PLoS
One 2012; 7: €30328.

Tsuruta F, Sunayama ], Mori Y, ez al. JNK

promotes Bax translocation to mitochondria
through phosphorylation of 14-3-3 proteins.
EMBO ¥ 2004; 23: 1889-1899.

Ren D, Tu HC, Kim H, ez al. BID, BIM, and
PUMA are essential for activation of the BAX-
and BAK-dependent cell death program. Science
2010; 330: 1390-1393.

Cho SG and Choi EJ. Apoptotic signaling
pathways: caspases and stress-activated protein
kinases. ¥ Biochem Mol Biol 2002; 35: 24-27.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Jin Z and El-Deiry WS. Overview of cell death
signaling pathways. Cancer Biol Ther 2005; 4:
147-171.

Werlen G, Hausmann B, Naeher D, ez al.
Signaling life and death in the thymus: timing is
everything. Science 2003; 299: 1859-1863.

Cai B, Chang SH, Becker EBE, er al. p38
MAP kinase mediates apoptosis through
phosphorylation of Bim EL at Ser-65. ¥ Biol
Chem 20065 281: 25215-25222.

Figueroa-Masot XA, Hetman M, Higgins

M]J, et al. Taxol induces apoptosis in cortical
neurons by a mechanism independent of Bcl-2
phosphorylation. ¥ Neurosci 2001; 21: 4657-4667.

Zha J, Harada H, Yang E, et al. Serine
phosphorylation of death agonist BAD in
response to survival factor results in binding to
14-3-3 not BCL-X;. Cell 1996; 87: 619-628.

Porras A, Zuluaga S, Black E, er al. p38a
mitogen-activated protein kinase sensitizes cells
to apoptosis induced by different stimuli. Mol Biol
Cell 2004; 15: 922-933.

Zuluaga S, Alvarez-Barrientos A, Gutiérrez-
Uzquiza A, er al. Negative regulation of Akt
activity by p38a MAP kinase in cardiomyocytes
involves membrane localization of PP2A through
interaction with caveolin-1. Cell Signal 2007; 19:
62-74.

Gutiérrez-Kobeh L, Gonzalez JR, Vazquez-Lopez
R, er al. Signaling pathways targeted by protozoan
parasites to inhibit apoptosis. In: Tutar Y and
Tutar L (eds) Current understanding of apoptosis:
programmed cell death. London: IntechOpen
Limited, 2018.

Oudit GY, Sun H, Kerfant BG, et al. The role
of phosphoinositide-3 kinase and PTEN in
cardiovascular physiology and disease. ¥ Mol Cell
Cardiol 2004; 37: 449-471.

Davies SP, Reddy H, Caivano M, ez al. Specificity
and mechanism of action of some commonly
used protein kinase inhibitors. Biochem F 2000;
351: 95-105.

Zhang X, Tang N, Hadden T7J, ez al. Akt, FoxO
and regulation of apoptosis. Biochim Biophys Acta
2011; 1813: 1978-1986.

Manning BD and Toker A. AKT/PKB signaling:
navigating the network. Cell 2017; 169: 381-405.

Privé C and Descoteaux A. Leishmania donovani
promastigotes evade the activation of mitogen-
activated protein kinases p38, c-Jun N-terminal
kinase, and extracellular signal-regulated
kinase-1/2 during infection of naive macrophages.
Eur ¥ Immunol 2000; 30: 2235-2244.

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai

S-G Solano-Galvez, D-A Alvarez-Hernandez et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gupta P, Srivastav S, Saha S, ez al. Leishmania
donovani inhibits macrophage apoptosis and pro-
inflammatory response through AKT-mediated
regulation of B-catenin and FOXO-1. Cell Death
Differ 2016; 23: 1815-1826.

Roy S, Gupta P, Palit S, ez al. The role of PD-1
in regulation of macrophage apoptosis and its
subversion by Leishmania donovani. Clin Transl
Immunol 20175 6: e137.

Giri J, Srivastav S, Basu M, et al. Leishmania
donovani exploits myeloid cell Leukemia 1
(MCL-1) protein to prevent mitochondria-
dependent host cell apoptosis. ¥ Biol Chem 2016;
291: 3496-3507.

Pandey RK, Mehrotra S, Sharma S, ez al.
Leishmania donovani-induced increase in
macrophage Bcl-2 favors parasite survival. Front
Immunol 20165 7: 25.

Srivastav S, Ball WB, Gupta P, ez al. Leishmania
donovani prevents oxidative burst-mediated
apoptosis of host macrophages through selective
induction of suppressors of cytokine signaling
(SOCS) proteins. ¥ Biol Chem 2014; 289:
1092-1105.

Sarkar A, Aga E, Bussmeyer U, ez al. Infection
of neutrophil granulocytes with Leishmania
major activates ERK 1/2 and modulates multiple
apoptotic pathways to inhibit apoptosis. Med
Microbiol Immunol 20135 202: 25-35.

Ruhland A, Leal N and Kima PE. Leishmania
promastigotes activate PI3K/Akt signalling to
confer host cell resistance to apoptosis. Cell
Microbiol 2007; 9: 84-96.

Moore KJ and Matlashewski G. Intracellular
infection by Leishmania donovani inhibits
macrophage apoptosis. ¥ Immunol 1994; 152:
2930-2937.

Akarid K, Arnoult D, Micic-Polianski ], ez al.
Leishmania major-mediated prevention of
programmed cell death induction in infected
macrophages is associated with the repression of
mitochondrial release of cytochrome c. ¥ Leukoc
Biol 2004; 76: 95-103.

Lisi S, Sisto M, Acquafredda A, ez al. Infection
with Leishmania infantum inhibits actinomycin
D-induced apoptosis of human monocytic cell line
U-937. ¥ Eukaryor Microbiol 2005; 52: 211-217.

Donovan MJ, Maciuba BZ, Mahan CE, ez al.
Leishmania infection inhibits cycloheximide-
induced macrophage apoptosis in a strain-
dependent manner. Exp Parasitol 2009; 123: 58-64.

Aga E, Katschinski DM, van Zandbergen G,
et al. Inhibition of the spontaneous apoptosis
of neutrophil granulocytes by the intracellular

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

parasite leishmania major. ¥ Immunol 2002; 169:
898-905.

Valdés-Reyes L, Argueta J, Moran J, ez al.
Leishmania mexicana: inhibition of camptothecin-
induced apoptosis of monocyte-derived dendritic
cells. Exp Parasitol 2009; 121: 199-207.

Gutiérrez-Kobeh L, Rodriguez-Gonzalez ],
Argueta-Donohué ], ez al. Role of dendritic

cells in parasitic infections. Dendritic Cells. Epub
ahead of print 7 November 2018. DOI: 10.5772/
intechopen.79491.

Gutierrez-Kobeh L, Rodriguez-Gonzalez ],
Vazquez-Lopez R, er al. P38 and JNK as targets
of protozoan parasites to manipulate host
immune response and survive inside host cells.
In: Hester CK (ed.) Mitogen-activated protein
kinases act funct regul cell biol res progress. New
York: Nova Science Publishers, 2019.

Vazquez-Lopez R, Argueta-Donohué J, Wilkins-
Rodriguez A, et al. Leishmania mexicana
amastigotes inhibit p38 and JNK and activate
PI3K/AKT: role in the inhibition of apoptosis
of dendritic cells. Parasite Immunol 20155 37:
579-589.

Rodriguez-Gonzalez J, Wilkins-Rodriguez A,
Argueta-Donohué J, et al. Leishmania mexicana
promastigotes down regulate JNK and p-38 MAPK
activation: role in the inhibition of camptothecin-
induced apoptosis of monocyte-derived dendritic
cells. Exp Parasitol 2016; 163: 57-67.

Contreras I, Estrada JA, Guak H, er al. Impact
of Leishmania mexicana infection on dendritic
cell signaling and functions. PLoS Negl Trop Dis
2014; 8: e3202.

Gutiérrez-Kobeh L, De Oyarzabal E, Argueta
], et al. Inhibition of dendritic cell apoptosis by
Leishmania mexicana amastigotes. Parasitol Res
2013; 112: 1755-1762.

Hallé M, Gomez MA, Stuible M, ez al. The
Leishmania surface protease GP63 cleaves
multiple intracellular proteins and actively
participates in p38mitogen-activated protein kinase
inactivation. ¥ Biol Chem 2009; 284: 6893-6908.

Junghae M and Raynes JG. Activation of p38
mitogen-activated protein kinase attenuates
Leishmania donovani infection in macrophages.
Infect Immun 2002; 70: 5026-5035.

Rodriguez-Gonzalez J, Wilkins-Rodriguez AA
and Gutiérrez-Kobeh L. Role of glutathione,
ROS, and Bcl-xL in the inhibition of apoptosis of
monocyte-derived dendritic cells by Leishmania
mexicana promastigotes. Parasitol Res 2018; 117:
1225-1235.

Visit SAGE journals online
journals.sagepub.com/
home/tai

®SAGE journals

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai
https://journals.sagepub.com/home/tai
https://journals.sagepub.com/home/tai



