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Abstract

For a long time, host cell death during parasitic infection has been considered a reflection of tissue damage, and often associated
with disease pathogenesis. However, during their evolution, protozoan and helminth parasites have developed strategies to
interfere with cell death so as to spread and survive in the infected host, thereby ascribing a more intriguing role to infection-
associated cell death. In this review, we examine the mechanisms used by intracellular and extracellular parasites to respectively
inhibit or trigger programmed cell death. We further dissect the role of the prototypical “cat-me signal” phosphatidylserine
(PtdSer) which, by being exposed on the cell surface of damaged host cells as well as on some viable parasites via a process of
apoptotic mimicry, leads to their recognition and up-take by the neighboring phagocytes. Although barely dissected so far, the
engagement of different PtdSer receptors on macrophages, by shaping the host immune response, affects the overall infection
outcome in models of both protozoan and helminth infections. In this scenario, further understanding of the molecular and
cellular regulation of the PtdSer exposing cell-macrophage interaction might allow the identification of new therapeutic targets

for the management of parasitic infection.

Keywords Parasites - Macrophages - Apoptosis - Apoptotic mimicry - Phosphatidylserine receptors

Introduction

For a long time, the death of the host cells during parasitic
infections has exclusively been considered a manifestation of
tissue damage, with critical consequences for disease patho-
genesis. Many parasites have been initially characterized for
their capacity to kill host cells. Entamoeba histolytica
(E. histolytica), whose name reflects its ability to lyse host
tissue, induces cell death via a caspase 3-like activity in a
process which requires cell-to-cell contact [1] and in turn
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favors intestinal invasion. Similarly, upon infection with the
Plasmodium parasite, induction of apoptosis, a form of pro-
grammed cell death, in endothelial cells reflects the blood-
brain barrier disruption and critically contributes to the devel-
opment of cerebral malaria [2].

However, it is now clear that host cell death, besides being
a manifestation of tissue damage, is a tool the parasites take
advantage of to survive within the host. In fact, the pathogens
have evolved mechanisms to inhibit or induce cell death to
create a beneficial environment which allows completion of
the parasite life cycle. Promoting or preventing cell death be-
comes a beneficial or detrimental process for the pathogen and
the host according to different variables intrinsic to the type of
infection, such as the nature of the pathogen, the pathogen
load, the site of infection as well as the time during the infec-
tion at which cell death occurs [3].

Upon infection with extracellular parasites, induction of
cell death is most likely a pathogen strategy to reduce host
fitness, allowing the pathogen to evade the immune response
and thereby disseminate and persist into the host as known for
instance in the case of infection with the protozoan
Trypanosoma brucei, which is the driver of African trypano-
somiasis, a disease mostly known as “sleeping sickness”. In
contrast, intracellular parasites such as Leishmania donovani
(L. donovani), a human blood protozoan responsible for
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visceral leishmaniasis, inhibits apoptosis of host macrophages
in order to protect its niche for survival and replication [4].

In this review, we will emphasize both beneficial and det-
rimental aspects of parasite-regulated cell death on the host
immune response. We will first highlight the mechanisms
developed by different parasites to induce or prevent cell
death, and secondly, once apoptotic cells are generated, how
their sensing by professional phagocytes shapes the immune
response and the consequent infection outcome.

Parasite strategies to modulate host cell
apoptosis

Prevention of host cell death by protozoan parasites

Cell death is the primordial host defense strategy against in-
tracellular infections: by inducing death of the infected cells,
the host triggers death of the equivalent infecting pathogen.
Therefore, intracellular pathogens can only ensure their sur-
vival and propagation by keeping the host cell alive, and
hence have evolved different mechanisms to confer their re-
sistance to apoptosis.

In 1994, the seminal work from Moore and Matlashewski
first shed light on the capacity of parasites to modulate apo-
ptotic cell death within their hosts. The authors described that
infection of bone marrow-derived macrophages by
L. donovani promastigotes led to secretion of mediators such
as TNF-« and GM-CSF by the infected cells, with concomi-
tant inhibition of the release of M-CSF and IL-1(3. This altered
cytokine environment in turn prevented apoptosis of the in-
fected cells [5]. While this was the first of several studies
describing the inhibition of host cell apoptosis by
Leishmania strains, later elucidation of the mechanisms and
the pathways involved in the parasite-host cell interaction led
to the understanding that modulating cell death in the infected
organism plays a fundamental role for parasite survival and,
hence for the outcome of the infection.

Like other intracellular parasites, Leishmania relies on in-
tact host cells to survive and propagate and have therefore
evolved various strategies to subvert the host cell apoptotic
machinery in order to guarantee their persistence within the
infected host.

During the early phases of the infection, Leishmania major
(L. major) induces delay of neutrophil apoptosis by around 24h
via a mechanism involving the inhibition of caspase-3 activa-
tion. Due to the short lifetime of neutrophils, the parasite can
only survive the first day intracellularly if their apoptosis is
delayed, subsequently allowing these apoptotic neutrophils to
be phagocytosed by macrophages which are recruited into the
infected skin 1-2 days after infection. This delay, which is
mediated by ERK1 and ERK2 activation [6], is essential to
ensure that phagocytic macrophages “encounter” the apoptotic
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infected neutrophils, thus assuring the propagation of the para-
site into the phagocytic macrophages upon their uptake [7].
Once inside the macrophages, the parasite has evolved several
strategies which further help to preserve its niche within the
host. For example, L. donovani inhibits growth factor
deprivation-mediated apoptosis in macrophages via activation
of the NF-kB and PI3K pathways [5, 8]. In addition, it prevents
the oxidative burst-mediated apoptosis occurring in macro-
phages during the initial phases of the infection via reduction
of caspase-3 and caspase-7 activation, and through the induc-
tion of suppressors of cytokine signaling (SOCS) proteins [9].
In line with this, SOCS1 and SOCS3 silencing in infected mice
reduces parasite burden in both the liver and spleen. The pro-
tective effect of SOCS1 and SOCS3 inhibition has been asso-
ciated with the alteration of the cross-talk between macrophages
and T cells, which results in a switch from an anti-inflammatory
to a pro-inflammatory cytokine environment characterized by
the increasing levels of IL-12 and IFNy, and the reduction in
IL-10 and TGF-{3 synthesis. This in turn leads to decreased
parasite survival [10]. To successfully survive within macro-
phages, L. donovani has also been described to delay host cell
apoptosis via modulation of the unfolded stress response [11],
and by inducing expression of MCL-1, an anti-apoptotic pro-
tein that, once translocated to the mitochondria, prevents cyto-
chrome c release to inhibit mitochondrial dysfunction [12].

Not only Leishmania but also the sporozoite forms of the
malaria parasite Plasmodium are able to inhibit host cell apo-
ptosis in order to assure their propagation within the host.
Plasmodium sporozoites, which constitute the first form of
the malaria parasite to enter the human body, damage a num-
ber of hepatocytes during their migration through the liver.
This damage leads to a liver stage, which is an obligatory
gateway for parasite replication and a phase in the infection
that for a long time has been considered clinically silent.
Interestingly, during the liver stage, although the host cells
possess the molecular machinery capable of sensing
Plasmodium RNA, triggering a functional type I IFN response
that reduces parasite burden [13], the Plasmodium berghei-
infected hepatocytes showed increased resistance to apoptosis
compared to the uninfected hepatocyte counterpart, and this
prevents them from being attacked by the phagocytes [14].
Here, the active inhibition of host cell apoptosis via HGF/
MET signaling through activation of the PI3K/Akt pathway
is required for a successful infection [15]. Inside the hepato-
cytes, actually sporozoites appear to be surrounded by host
LC3" autophagy-derived vesicles, most likely used by the
parasite as source of nutrients for growth [16]. Indeed, it is
only after this stage that sporozoites will differentiate into
merozoites and propagate inside the erythrocytes, a phase in
the infection which is critical in triggering malaria-related pa-
thology and all its complications [17].

Likewise, the capacity of the intracellular protozoan para-
site Cryptosporidium parvum (C. parvum) to inhibit host cell
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death has also been investigated. C. parvum is distributed
worldwide and is the leading cause of diarrhea morbidity
and mortality in children younger than 5 years of age. It is
generally transmitted from person to person via the fecal-oral
route, mainly through contaminated water supplies. Infection
in vitro of a human tumor cell line helped clarify that
C. parvum replication occurs only in the infected cells in
which apoptosis is inhibited [18]. Inhibition of apoptosis in
the infected cells arises through activation of NF-kB [19] and
consequent upregulation of inhibitors of apoptosis proteins
(IAPs) genes including c-IAP1, c-IAP2, and XIAP, which
are known to specifically prevent TNF-induced cell death
[20], and surviving [21]. A similar mechanism of inhibition
of apoptosis which involves transcription of NF-kB-
dependent genes also occurs upon infection with a different
intracellular parasite, the protozoan Toxoplasma gondii
(T. gondii). T. gondii infection is widespread in humans, with
most of the infected people being asymptomatic or showing
mild symptoms. However, especially when the infection oc-
curs congenitally via infection of a pregnant woman, it can
cause severe diseases often associated with ocular disorders in
the newborn [22]. The parasite is able to infect almost all
nucleated cells in the host. In vitro experiments in which a
fibroblast cell line is infected with 7. gondii suggest that in-
duction of transcription of NF-kB-dependent genes with
antiapoptotic properties (such the two Bcl-2 members Bfl-/
and Bcl-x;) in the infected cells is one of the mechanisms
the parasite uses to inhibit host cell apoptosis [23]. Along
the same line, increase in the expression of the microRNA
miR-17-92 in T. gondii-infected macrophages triggers the
downregulation of the pro-apoptotic Bcl-2-family gene
Bimp1 [24]; therefore, pointing out that manipulation of the
balance between pro- and anti-apoptotic Bcl-2 family mem-
bers as well as the inhibition of caspase-9, caspase-3, and INK
activation, all leads to blocking of apoptosis during 7. gondii
infection [25].

In addition to this, in an early report, cells infected with
T. gondii have been described to be resistant to apoptosis
initiated by multiple triggers, such as Fas-dependent and
Fas-independent cytotoxic T lymphocytes-mediated cytotox-
icity, IL-2 deprivation, gamma irradiation, UV irradiation, and
the calcium ionophore Beauvericin [26]. Here, inhibition of
apoptosis has been linked to different mechanisms in which
the presence of a viable parasite is critical, as confirmed by the
reversal of apoptosis resistance upon killing of intracellular
parasites with antibiotics [26]. Viable parasites prevent apo-
ptosis in host cells via the inhibition of cytochrome c-induced
caspase activation, and in particular, through the release of
molecules which interferes with cytochrome ¢/dATP-induced
activation of the caspase cascade [27] or directly degrading the
initiator caspase-8 [28].

Interestingly, during infection with 7. gondii, not only in-
hibition of host cell death but also its induction has been

hypothesized. Mice inoculated with a highly virulent
T. gondii strain (RH) uniformly succumbed to infection, com-
pared to mice infected with a low-virulence strain. In the
spleen of these RH/high virulence strain-infected mice, nu-
merous clusters of apoptotic cells were detected by TUNEL
at day 8 post-infection. In this scenario, the increased amount
of dying cells was associated with the collapse of the splenic
architecture and the detection of high levels of IFN-y, an
inflammatory cytokine that, when over-secreted, can lead to
pathology and death [29]. However, whether the induction of
apoptosis represented an active strategy the parasite used to
evade the immune response, rather than the consequence of
the high levels of activation of splenic cells in response to
infection, was not clear [30]. To address this point, analysis
of pathology in organs other than the lymphoid tissue, such as
the liver, led to the understanding that host cell apoptosis was
not the consequence of injury, as reflected by the fact that very
few TUNEL-positive hepatocytes were detected in the dam-
aged liver. In addition, as previously mentioned, extensive
apoptosis was found in the spleen of the infected mice but
with cell death not occurring in infected cells, but rather in T
cells and NK cells which localize at sites distal from parasite
replication [31]. These data therefore suggest that in the con-
text of 7. gondii infection, the parasite might still protect the
infected cell from apoptosis, while cell death is efficiently
induced in non-infected cells.

Induction of host cell death by protozoan parasites

Under certain circumstances, some protozoan parasites can
induce apoptosis of the infected cells, rather than inhibiting
it, so that the consequent uptake of the infected cells by neigh-
boring healthy ones assures the propagation and dissemina-
tion of the parasite within the host. For instance, E. histolyca,
upon cell contact with human neutrophils, induces their apo-
ptosis in a process which is characterized by NADPH oxidase-
derived ROS production and ERK1/2 activation [32]. This
induced host cell death contributes to disease pathogenesis
[32, 33], as observed in infected mice in which treatment with
the pan-caspase inhibitor zVAD-fmk leads to the reduction of
the liver abscess size by 70% compared to the control group
[34].

The impact of the infection with the obligate intracellular
parasite Trypanosoma cruzi (T. cruzi) on host cell death and in
particular on the apoptosis of T lymphocytes has also been
extensively studied. Infection with 7. cruzi causes “Chagas”
disease, affecting around 7 million people worldwide, and
which can occur in both an acute and chronic form leading
to major pathologies including damage to the heart and diges-
tive tract. The gastrointestinal tract, particularly the colon and/
or stomach, represents a permissive niche for the parasite, with
increased in disease severity being correlated with the spread-
ing of the parasite to the cardiac muscle [35].
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Apoptosis of T lymphocytes during the contraction phase
of'an immune response often occurs through a process defined
as activation-induced cell death, caused by re-stimulation of
already activated T cells [36]. This process is usually triggered
by expression of death receptors on the T cells, such as Fas
Receptor (Fas), whose engagement via Fas Ligand (FasL)
leads to caspase activation [37]. Apoptotic CD4 T cells have
been detected in spleen and lymph nodes during the acute
stage of 7. cruzi infection [38, 39], but also in the heart of
chronically infected patients [40]. Both CD4 and CD8 T cells
start to express Fas during the course of the infection,
mirroring an activation-induced cell death [41]. Similarly, in-
creased levels of FasL have been detected in the serum of
patients chronically infected with 7. cruzi [42]. That apoptosis
can be considered the cause rather than the consequence of
disease severity in this context has been proved in a murine
model of T. cruzi infection, in which a single injection of
apoptotic but not necrotic or vital T cells in infected mice
increased their parasitemia [43]. Conversely, reduction of host
cell apoptosis via treatment with the caspase inhibitor zZVAD
decreases the number of parasites through induction of
memory/effector CD8 T cells in the infected tissue and in-
creases the number of pro-inflammatory macrophages with
high capacity to secrete IL-12 [44]. These experiments have
been correlated to a series of in vitro analyses in which cocul-
ture of apoptotic T cells with peritoneal macrophages was
shown to predispose macrophages to infection with 7. cruzi.
Again, the exacerbation in parasite growth was inhibited when
macrophages were pre-exposed to T cells in which apoptosis
was blocked via treatment with the pan-caspase inhibitor
zVAD-fmk [43] or when macrophages were cocultured with
CDS8 T cells in the presence of anti-FasL [45]. These data are
in line with the observation that a suboptimal CD8 T cell
response in the context of 7. cruzi is associated with expres-
sion of Fas and the acquisition of a pro-apoptotic phenotype.
In this scenario, immunization with an adenoviral vaccine
expressing a parasite immunodominant antigen leads to ex-
pansion of CD8 T cells with impaired capacity to express Fas
and thus undergoing into apoptosis, which therefore leads to
protective immunity [41].

Helminth strategies to induce host cell death

In contrast to many of the intracellular parasites reported here,
extracellular pathogens do not rely on the integrity of defined
host cells for survival, unless this affects host viability. In this
case, the parasite often induces apoptosis in host cells to im-
pair their anti-pathogen response and thus guarantee the para-
site survival and propagation into the host. Induction of apo-
ptosis of the cells of the innate and adaptive immune system
might indeed represent the most efficient tool to dampen the
host immune response against the pathogen. In light of this,
the mechanism leading to apoptosis of immune cells, such as
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for instance apoptosis of T cells during the infection with the
helminth Schistosoma, has been examined by several groups.

Schistosomiasis is a chronic debilitating disease that cur-
rently affects 200 million people worldwide and is character-
ized by an initial Th1 response that later evolves to a parasite
antigen-driven Th2 response. Among the various factors that
have been considered as drivers of the Th1-Th2 switch, apo-
ptosis of T cells during the course of the infection also seems
to contribute [46]. Interestingly, by comparing the immuno-
pathology induced upon infection in two different strains of
mice which develop high or low pathology, as mirrored by the
size of granuloma developed in the liver, it was observed that
T cell apoptosis is significantly higher in Schistosoma-infect-
ed mice of the strain that develops low pathology. This proves
that in this model of helminth infection the magnitude of CD4
T cell-mediated immunopathology correlates inversely with
the extent of CD4 T cell apoptosis. In addition, within the
granuloma, which are organized aggregates of immune cells
surrounding the parasite egg, apoptosis of T cells was linked
to detection of lower amounts of IL-2, suggesting growth
factor deprivation as the main cause of cell death [47].

However, not only IL-2 withdrawal but also antigens from
the Schistosoma parasites have been described to trigger apo-
ptosis in vitro, as observed when T cells isolated from the
blood of chronically infected patients were cocultured with
the soluble egg antigen (SEA) from Schistosoma mansoni
(S. mansoni) [48]. SEA from Schistosoma japonicum has also
been described to induce apoptosis in hepatic stellate cells
(HSC) via activation of TRAIL/DRS5 death receptor-
dependent apoptosis occurring through a caspase-dependent
mechanism [49]. This in turn leads to suppression of HSC
activation through PPARYy and the TGF-[3 signaling path-
ways, and therefore suggests a potential role for the SEA in
attenuating liver fibrosis [49]. In general, proteins that are
actively secreted by the parasite or are the result of passive
leakage from its surface are named excretory-secretory prod-
ucts (ESP) and play a key role in mediating host cell apoptosis
during infection. Identifying the components of SEA and of
ESP in general is of special interest, considering for instance
that in in vivo experiments, ESP released from skin stage
schistosomula of S. mansoni are described to induce expres-
sion of Fas, FasL, and FADD in skin draining lymph node T
cells [50].

Interestingly, CD4 T cells isolated from mice infected with
S. mansoni multiple times showed the propensity to become
anergic, most likely because of the increased capacity to un-
dergo apoptosis as detected by increased levels of Fas and
FasL [51]. The induction of apoptosis in CD4 T cells was
mediated by IL-10, since in IL10”" mice and upon neutrali-
zation of IL-10 in vitro, CD4 T cell activation was restored
and apoptosis reduced [46, 51]. However, while apoptosis in
T cells has frequently been reported, with granuloma lympho-
cytes being more susceptible to Fas-FasL-mediated apoptosis
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than spleen lymphocytes, eosinophils seem to be resistant to
apoptosis, although they express significant levels of Fas [52].
What are the critical triggers that drive apoptosis only in se-
lective cell types and what are the consequences of this pro-
cess in schistosomiasis have not been described so far.

During infection with a different trematode, the helminth
Fasciola hepatica, apoptosis of the host immune cells has also
been reported. Here, ESPs trigger apoptosis in macrophages
reaching the infected peritoneum [53] as well as in eosino-
phils, in a process regulated by tyrosine kinases and activation
of caspase-3, caspase-8, and caspase-9 [54]. In particular,
sensing of the parasite ESP by eosinophils triggers their cell
death through an increase in ROS production, mainly H,O,,
which is then followed by a process of mitochondrial mem-
brane depolarization that precedes caspase activation [55].
ESPs from the nematode Onchocerca volvulus are also able
to induce cell death in vitro. Here, late apoptosis detected via
the increase in the frequency of Ann-V*7-AAD™ cells was
induced in splenocytes exposed to OvALT-2 and OvNLT-1,
two Onchocerca volvulus-derived proteins [56]. In addition to
immune cell death, stromal cell apoptosis also occurs during
helminth infection. TNF- and IFNvy secreted in response to
the chronic damage caused by the gastrointestinal parasite
Trichuris muris trigger epithelial cells apoptosis in the large
intestine of infected mice. Here, the host immune response
rather than the physical damage caused by the parasite appears
to be responsible for the increase in host cell death [57].

Phosphatidylserine exposure on the infecting
parasite: A strategy for initiation
and maintenance of infections

Phosphatidylserine (PtdSer) is a phospholipid normally pres-
ent in the inner leaf of the lipid bilayer of living cells, thanks to
the activity of ATP-dependent phospholipid flippases. When
cells undergo apoptosis, loss of flippase activity and activation
of scramblase leads to PtdSer shifts on the outer leaflet of the
cell membrane, serving as “‘eat-me signal” for the neighboring
phagocytes [58]. Recognition of PtdSer via receptors
expressed in phagocytes guarantees the removal of the dying
cells via phagocytosis [59]. Hence, while PtdSer exposure on
the cell surface of apoptotic cells might simply be considered a
tag used to be recognized by the surrounding phagocytes,
exposure of PtdSer on the membrane of viable intracellular
parasites represents a strategy the pathogens use to efficiently
infect the surrounding phagocytes, thus guarantying parasite
maintenance in the host. This process is defined as “classical”
apoptotic mimicry and has been observed, for instance, in the
context of Leishmania infection, where PtdSer-exposing
amastigotes can be purified from the mouse lesions. The
amastigotes, once recognized by the phagocytic macrophages,
makes the phagocytic cells more susceptible to parasite

growth by altering their activation status and inducing the
secretion of IL-10 and TGF-f3 while reducing NO production
[60]. Interestingly, the exposure of PtdSer on viable
amastigotes appears to be dependent on low concentration of
NO present in the environment [61].

Although not considered part of the process of apoptotic
mimicry, other mechanisms involving the exposure of PtdSer
have been developed by the pathogens to guarantee the per-
petuation of the infection. For instance, a population of
PtdSer”*® Leishmania promastigotes has been described dur-
ing infection. This subpopulation, although being apoptotic
and meant to die, is critical in determining virulence by pro-
viding survival advantage for the non-apoptotic parasites
(PtdSer"*®) within the infected neutrophils. This process,
which is mediated by TGF-f3, results in disease development
[62]. Therefore, in the context of Leishmania infection, expo-
sure of PtdSer on a viable amastigote or on the dying
proamastigotes, via different strategies, contributes to disease
progression.

An apoptotic phenotype has also been described in the case
of T. cruzi. T. cruzi undergoes three different developmental
stages: replicative epimastigotes found in the vector, intracel-
lular replicative amastigotes and trypomastigotes. During the
transition from the proliferative to the stationary growth phase
in vitro, 7. cruzi epimastigotes expose PtdSer, undergo nucle-
ar DNA fragmentation, and increase caspase-3-like activity
[63]. In a different experimental setting, 7. cruzi
trypomastigotes, the non-replicative form of the parasite that
initiates the infection in vertebrate hosts and thus interact with
the host innate immune cells, have also been shown to expose
PtdSer on their surface. Interestingly, upon coculture of the
trypomastigotes with macrophages in vitro, the exposure of
PtdSer correlates with triggering of the TGF-[3 pathway and
reduction in iNOS expression in the infected macrophages,
thus suggesting sabotaging of the macrophage microbicidal
system by the parasite [64].

Likewise, exposure of PtdSer also occurs in a fraction of
the 7. gondii parasite population during infection. Contrarily
to other infection models, here, only the PtdSer™*® parasites
were taken up by macrophages. Conversely, the PtdSer”*®
parasite fraction invaded the macrophages by active penetra-
tion. Interestingly, the total 7" gondii population, which was a
combination of both the PtdSer"*® and PtdSer®® parasite frac-
tions, was necessary for the successful infection of macro-
phages cultured with the parasite in vitro. The two fractions
exerted different functions, with the PtdSer”® subpopulation
of T. gondii being the only one able to inhibit production of
microbicidal molecules such as NO by activated macro-
phages. In contrast, most likely due to the inability to block
NO, the PtdSer"*® parasite fraction led to a stronger inflam-
matory response in vivo, as reflected by the high number of
macrophages detected in the infected tissue compared to mice
infected with PtdSer®® parasite [65].
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The role of macrophages in the clearance
of dying cells during parasitic infection

During an infection, efficient removal of pathogens or swift
clearance of dying cells needs to occur promptly. This process
not only represents an efficient defense strategy against the
invading parasite, but is also critical to clear dead host cells
and thereby assure the re-establishment of tissue homeostasis.
However, as reported above, in some circumstances, infected
apoptotic cells, once taken up by surrounding phagocytes,
serve as Trojan Horses for effective dispersion and survival
of the parasite within the host. In the next section, we will
discuss the effects of the clearance of either infected or unin-
fected PtdSer-exposing cells on phagocytic macrophages and
how this impacts the course of the infection.

PtdSer receptors in phagocytic macrophages

Expression of various phagocytic receptors, with different
structures and efficiency to bind high levels of PtdSer, has
been detected on professional phagocytes such as macro-
phages. While single-cell sequencing analysis might reveal
specificity between expression of certain phagocytic receptors
and selective subsets of macrophages, the fact that macro-
phages often concomitantly express more than one phagocytic
receptor at a time underlines their importance for the proper
removal of dying cells. Functional redundancy among the at
least 12 described PtdSer phagocytic receptors exists, with
some of them recognizing and taking up apoptotic cells via
direct binding to PtdSer, and some others using bridging mol-
ecules as sort of co-receptors for PtdSer recognition.

Stabilin receptors (STAB1 and STAB2), T cell immuno-
globulin and mucin domain-containing molecule TIM (TIM1,
TIM3, TIM4), brain angiogenesis inhibitor 1 (BAI-1), CD300
(CD300A, CD300B, CD300F), receptor for advanced
glycation end products (RAGE), and triggering receptor
expressed by myeloid cells-2 (TREM-2) are example of re-
ceptors which directly bind the PtdSer exposed on apoptotic
cells. In contrast, AXL and MERTK belong to a family of
receptor tyrosine kinases named TAM (TYRO 3, AXL, and
MERTK), which bind PtdSer via their cognate ligands GAS6
and PROSI and exert a critical role in the resolution of inflam-
mation through the up-take of apoptotic cells [66]. The
integrins «,35 or «,33 and also the scavenger receptors
SCARF-1 and CD36 use different bridging molecules such
as, respectively, MFGE8 and CCN1 and Clq and TSP-1 for
PtdSer recognition and signaling (Fig. 1 and reviewed in [67,
68]). Some of these receptors have been proposed to act in
synergy with other receptors/efferocytosis molecules for the
efficient uptake of apoptotic cells. Integrins, for instance, to-
gether with the glycoproteins CD36, expressed by the phago-
cytic cells, and TSP-1, expressed on apoptotic cells, create a
phagocytically active complex which allows the uptake of the
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apoptotic cells. Synergy between av(35 and MERTK or
STAB?2 as well as cooperation between TIM-4 and MERTK
has also been reported [69-71].

The impact of PtdSer receptor engagement on
parasitic infections

While the role of PtdSer receptors has been extensively stud-
ied in the context of inflammation induced by sterile damage,
such as autoimmune disease or cancer, very little is known on
the identity of PtdSer phagocytic receptors expressed by mac-
rophages as well as the impact of phagocytosis of PtdSer”®®
cells during parasitic infections.

Several data have been generated in the context of malaria
disease, in which phagocytosis of Plasmodium falciparum-
infected erythrocytes is mediated by macrophages expressing
the receptor CD36 [72]. CD36 is one of the best-studied class
B scavenger receptors, which is capable of eliciting a variety
of signaling responses according to the ligand it interacts with
[73]. Early studies identified interaction between CD36 and
PtdSer-containing membranes [74], and this was in line with
the results showing that Plasmodium-infected red blood cells
suffer great stress and expose PtdSer [75]. In vitro CD36 ex-
pression can be induced via treatment with PPAR-y/RXR
agonists, which in turn increases macrophage phagocytosis
of infected erythrocytes [76]. During this process, CD36 clus-
tering leads to activation of both ERK and p38MAPK signal-
ing cascades [72]. Consistent with this, CD14*CD16™ and
CD14*CD16" blood monocytes from children with acute ma-
laria show impaired expression of CD36 and reduced phago-
cytic capacity in vitro compared to samples isolated from chil-
dren six weeks after recovery [77], therefore suggesting that
lower CD36 expression by two population of monocytes
(CD14*CD16 and CD14"CD16") is related to severity of
the infection and consequent death [78]. These data are strong-
ly supported by the fact that African populations contain an
exceptionally high frequency of mutations in CD36, which,
by causing CD36 deficiency, are associated with susceptibility
to severe malaria [79].

Interestingly, while on the one hand, phagocytosis of infect-
ed erythrocytes might be beneficial to eliminate the pathogen,
on the other hand, it is associated with development of anemia
that is one of the major clinical hallmarks of malaria in pa-
tients, and whose pathophysiology is not yet completely un-
derstood. The use of a model of infection with Plasmodium
yoelii (P. yoelii), which has the capacity to induce apoptosis in
both infected and non-infected host cell [80] and induce strong
anemia in mice, allowed the identification of antibodies which
recognize PtdSer exposed on the surface of non-infected eryth-
rocytes [81]. These antibodies, by mediating the clearance of
the uninfected erythrocytes during the course of the disease,
lead to strong anemia, which can be reversed when mice re-
ceive the PtdSer-binding protein Annexin-V [81].
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Fig. 1 PtdSer receptors and bridging ligands mediating the recognition
and uptake of apoptotic cells by macrophages. The “eat-me” signal PtdSer
is exposed on the outer leaflet of the plasma membrane of cells
undergoing apoptosis. Recognition and uptake of apoptotic cells occurs

In parallel, phagocytosis of P. yoelii-infected erythrocytes
also occurs during the course of the disease and is mediated by
the receptor TIM-4, as observed in vitro, where treatment with
anti-TIM-4 antibody blocks the uptake of parasitized red blood
cells by macrophages in a dose-dependent manner [82]. The
phagocytic macrophages mentioned here are a population of
F4/80™ red pulp cells which do not express SIGNR1, CD169,
nor CD68, characteristic markers of marginal zone, marginal
metallophilic, and tingible body macrophages, respectively.
However, they express TIM-4, receptor which cannot com-
plete signal transduction by itself, due to the absence of a
defined signaling domain [83]. Likewise, TIM-4 does not sup-
port efferocytosis by itself, but utilizes integrins as co-receptors
[84] and enhances phagocytosis mediated by the family of
receptor tyrosine kinases TAM [85]. Based on this, although
TIM-4 may play a major role, other PtdSer receptors might
also be involved in the uptake of infected cells in malaria.

Among the various PtdSer phagocytic receptors, the role of
CD300F in parasitic diseases has also been investigated, al-
though to the best of our knowledge, only in a transgenic
mouse model resistant to the development of cerebral malaria
upon infection with P. berghei ANKA. CD300F belongs to a
family of type I transmembrane proteins which binds PtdSer,
thus enhancing the phagocytosis of apoptotic cells [86]. Upon
infection, CD11b*CD45™Ly6C" ™ brain macrophages sorted
from cerebral malaria-resistant mice show higher expression
levels of CD300F compared to microglia isolated from mice

BAI-1

TSP-1
\ W@ #% o MFGE8/CCN1
y_ .

{ GAS6/PROS1

TAM

in macrophages via the engagement of a series of different PtdSer
receptors, which bind PtdSer either directly or indirectly through
bridging ligands. Examples of PtdSer receptors and corresponding
bridging ligands are reported

which developed cerebral malaria. Here, CD300F plays a role
in dampening the inflammatory response during infection,
most likely via reduction of CXCL10, TNF-x, and IFN-y
production in microglial cells [87].

Different receptors which mediate PtdSer-dependent phago-
cytosis have been described in the internalization of Leishmania
by macrophages. Indeed, treatment with the PtdSer-binding
protein Annexin-V was used to mask PtdSer at the surface of
Leishmania amastigotes and reduce the parasite uptake by mac-
rophages [88]. Under steady-state conditions, a population of
dermal macrophages expressing high levels of the mannose
receptor and characterized by high capacity to phagocyte apo-
ptotic cells, as mirrored by expression of the PtdSer phagocytic
receptors MERTK and TIM-4, is the primary target of L. major
infection. These macrophages, whose anti-inflammatory func-
tion is maintained during infection via IL-4 and IL-10, through
a CCL24-mediated amplification loop [89], represent a permis-
sive niche for parasite growth and might be a target for the
treatment of the chronic form of cutaneous leishmaniasis [90].
Interestingly, neutrophils recruited at the site of infection, which
function as Trojan Horses vectoring L. major into macro-
phages, are taken up by dermal macrophages in a process which
is AXL and MERTK dependent and that controls macrophage
anti-inflammatory function as well as severity of the lesion and
parasite burden [91].

Besides their role during the course of infection with the
intracellular parasite L. major, AXL and MERTK expression
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Fig. 2 Engagement of PtdSer receptors and consequent uptake of
apoptotic cells by macrophages regulates the course of parasitic
infections. According to the type of parasite infecting the host, either
infected or uninfected apoptotic cells with different identities (e.g., T
cells, neutrophils, erythrocytes) are generated. PtdSer exposed on their

has been also detected during the inflammatory response in-
duced by the helminth parasite Nippostrongylus brasiliensis
(N. brasiliensis) [92]. The nematode N. brasiliensis, a rat hook-
worm that also causes natural infections in mice, is a gastroin-
testinal parasite and close relative of human hookworms.
Infection with the nematode results in a Type-2-dominated im-
mune response. Damage initially occurs in the lung, where
accumulation of apoptotic neutrophils arises. Here, AXL and
MERTK expressing lung macrophages acquire a tissue remod-
eling function by efficiently clearing dying neutrophils. In con-
trast, Ax/”“ Mertk macrophages isolated from the infected
lung show reduced levels of anti-inflammatory and tissue repair
genes as Retnla and Alox15. Interestingly, AXL and MERTK
expression seems to be dispensable for controlling lung tissue
damage during the initial stage of the infection, as mirrored by
the similar amount of red blood cells detected in the broncho-
alveolar lavage of WT and Ax/ " Mertk /" mice [92]. Very
recently, expression of the three TAM receptors as well as their
ligand GAS6 has been described to be differentially modulated
in circulating leukocytes from multiple sclerosis (MS) patients
chronically infected with helminths, compared to uninfected
MS patients. While AXL and MERTK expression was in-
creased in circulating DCs, monocytes showed increased levels
of GAS6 and PROSI in infected MS patients compared to non-
infected ones. Modulation of the TAM axis by helminths in
turn tempers the innate immune response and reduces the de-
velopment of a pathogenic Th17 response in MS patients [93].
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cell membrane is recognized by a variety of different PtdSer receptors
expressed by macrophages. This interaction, by regulating the clearance
of apoptotic cells by macrophages, is an important regulator of the host
response during infection

A role for the integrin o, 33, encoded by the gene /tgb3, has
been described in the context of 7 cruzi infection, where mac-
rophages use it to uptake apoptotic cells. This event, by leading
to TGF-[3 secretion, renders macrophages unable to exert NO-
dependent trypanocidal activity and in turn favors parasite repli-
cation [43]. A role for the integrin o, 33 has also been extensive-
ly described in the context of malaria infection. Here, its function
is not directly related to PtdSer binding, but instead critical for
cytoadhesion of parasite-infected erythrocytes to the endothelium
[94] [95]. Very recently, o33 has also been identified as a
receptor for the P. falciparum surface ligand TRAP, a typical
type I cell surface protein containing both a von Willebrand
factor A and a thrombospondin type 1 repeat domain. TRAP is
necessary for parasite motility, as observed in ltgh3-deficient
mice, in which sporozoites were able to move faster within the
dermis, therefore suggesting that the TRAP-«, 33 interaction
could impede the movement of the parasite [96].

While characterization of PtdSer”* and PtdSer"*® parasites
has been performed in the context of infection with the obli-
gate intracellular parasitic 7. gondii, and anti-PtdSer antibod-
ies are frequently detected during infection, the role of PtdSer
receptors on phagocytic cells has not been analyzed so far.
Infection with the PtdSer™® subpopulation of T. gondii in-
hibits NO production by activated macrophages [65], an effect
that in vitro has been described to be caused by the engage-
ment of the PtdSer receptor TIM-4 in the context of LPS and
IFNvy stimulation [97]. A schematic summary of the
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phagocytic receptors engaged by macrophages for the uptake
of infected or uninfected apoptotic cells during different par-
asitic infections is reported in Fig. 2.

Conclusions

In this review, we have discussed various aspects regarding
the modulation of host cell death by parasites and the conse-
quent handling of dying cells by phagocytic macrophages.
Several of these are the strategies the parasite has developed
to turn host cell death to its own advantage or to acquire an
apoptotic-like phenotype to more easily propagate within the
host. Furthermore, we have highlighted some of the latest
discoveries on the mechanisms of sensing infected and non-
infected apoptotic cells by professional phagocytes, with par-
ticular attention to the engaged PtdSer-receptors and their
overall impact on the course of the infection.

Recently, a series of preclinical evidence highlighting the
role of phagocytosis mediated by macrophages has been in the
spotlight, as observed via the use of phagocytosis checkpoint
inhibitors in cancer treatment [98] as well as the generation of
Chimeric Antigen Receptors for Phagocytosis (CAR-P) [99],
which direct macrophages to specifically engulf cancer cells.
Although targeting phagocytosis and its mediators might in-
deed contribute to the development of novel therapeutic tools
for various inflammatory diseases, still very little has been
done so far to dissect the principles at the basis of the phago-
cytic process and its therapeutic potential in the context of
parasitic infections.

Few studies have reported the beneficial effect of
macrophage-based cell therapy in parasitic diseases, for ex-
ample, in the context of infection with helminth parasites
N. brasiliensis or S. mansoni. Here, the advantageous effect
of macrophage transfer relied on the acquisition of a specific
macrophage activation status rather than on their phagocytic
capacity. Transfer of macrophages leads indeed to host pro-
tection against a lethal N. brasiliensis-induced inflammation,
thanks to their capacity to respond to type 2 cytokines acquir-
ing a tissue remodeling profile [100]. Likewise, transferring
bone marrow-derived monocytes in a model of chronic schis-
tosomiasis leads to reduction of liver fibrosis, and among the
various factors analyzed is the decrease in Galectin 3 expres-
sion which is important for activation of macrophages with a
pro-fibrotic profile [101]. However, respective data on the
phagocytic capacity of the transferred macrophage and how
this might impact the infection outcome are scarce.

Many of the strategies reported in this review are used
by parasites which cause diseases classified as Neglected
Tropical Diseases (NTDs), such as schistosomiasis, Chagas
disease, and leishmaniases, for which novel or improved treat-
ments are urgently needed. Blocking macrophage capacity to
uptake infected apoptotic cells might represent an alternative

approach to inhibit the survival and propagation of many in-
tracellular parasites. However, blockage of phagocytic recep-
tors on macrophages via, for instance, systemic administration
of phagocytic receptor small molecule inhibitors will lead to
reduced engulfment of most of the apoptotic cells generated,
independent of their infection status. This in turn might limit
the macrophage tissue remodeling response naturally resulting
from the uptake of non-infected apoptotic cells. Similarly,
blocking phagocytosis during helminth infections might sup-
press the generation of an anti-inflammatory response and
therefore prevent tissue regeneration.

These downsides hint toward the development of therapeu-
tic strategies aiming at manipulating phagocytosis to promote
only the engulfiment of selective targets. The use, for instance,
of CAR-P technology might in the future unleash the power of
phagocytosis, leading to the generation of an immune envi-
ronment in which macrophages are reprogrammed to taking
up only uninfected damaged cells, thus avoiding the detrimen-
tal consequences of taking up cells infected, for instance, with
intracellular protozoan.

In conclusion, understanding the mechanisms behind
phagocytosis regulation and further characterizing the mole-
cules driving the macrophage/apoptotic cell cross-talk may
open up new venues for the treatment of various inflammatory
disease and alternative approaches for the management of
parasitic infection and in particular NTDs.

Acknowledgements Carla V. Rothlin is an HHMI Faculty Scholar. The
authors thank Madeleine Hamley for editing the manuscript. Figures were
created with BioRender.com.

Funding Open Access funding enabled and organized by Projekt DEAL.
Work in the Bosurgi laboratory is supported by the Deutsche
Forschungsgemeinschaft (Grant SFB841), Werner Otto Stiftung,
Landesforschungsforderung Hamburg (LFF)-FV74, LFF-FV75, LFF-
FV78. Work in Rothlin laboratory is supported by NIH-NIAID ROl
AT089824 and NIH-NCI RO1 CA212376.

Declarations

Competing interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://biorender.com
http://creativecommons.org/licenses/by/4.0/

490

Semin Immunopathol (2021) 43:481-492

References

10.

11.

12.

13.

15.

16.

Huston CD, Houpt ER, Mann BJ, Hahn CS, Petri WA Jr (2000)
Caspase 3-dependent killing of host cells by the parasite
Entamoeba histolytica. Cell Microbiol 2:617-625

Pino P, Taoufiq Z, Nitcheu J, Vouldoukis I, Mazier D (2005)
Blood-brain barrier breakdown during cerebral malaria: suicide
or murder? Thromb Haemost 94:336-340

Bienvenu AL, Gonzalez-Rey E, Picot S (2010) Apoptosis induced
by parasitic diseases. Parasit Vectors 3:106

Carmen JC, Sinai AP (2007) Suicide prevention: disruption of
apoptotic pathways by protozoan parasites. Mol Microbiol 64:
904-916

Moore KJ, Matlashewski G (1994) Intracellular infection by
Leishmania donovani inhibits macrophage apoptosis. J Immunol
152:2930-2937

Sarkar A, Aga E, Bussmeyer U, Bhattacharyya A, Mdller S,
Hellberg L, Behnen M, Solbach W, Laskay T (2013) Infection
of neutrophil granulocytes with Leishmania major activates ERK
1/2 and modulates multiple apoptotic pathways to inhibit apopto-
sis. Med Microbiol Immunol 202:25-35

Aga E, Katschinski DM, van Zandbergen G, Laufs H, Hansen B,
Miiller K, Solbach W, Laskay T (2002) Inhibition of the sponta-
neous apoptosis of neutrophil granulocytes by the intracellular
parasite Leishmania major. J Immunol 169:898-905

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

Srivastav S, Basu Ball W, Gupta P, Giri J, Ukil A, Das PK (2014)
Leishmania donovani prevents oxidative burst-mediated apoptosis
of host macrophages through selective induction of suppressors of
cytokine signaling (SOCS) proteins. J Biol Chem 289:1092—-1105
Chandrakar P, Parmar N, Descoteaux A, Kar S (2020) Differential
induction of SOCS isoforms by Leishmania donovani impairs
macrophage-T cell cross-talk and host defense. J Immunol 204:
596610

Abhishek K, Das S, Kumar A, Kumar A, Kumar V, Saini S,
Mandal A, Verma S, Kumar M, Das P (2018) Leishmania
donovani induced Unfolded Protein Response delays host cell
apoptosis in PERK dependent manner. PLoS Negl Trop Dis 12:
e0006646

Giri J, Srivastav S, Basu M, Palit S, Gupta P, Ukil A (2016)
Leishmania donovani exploits myeloid cell leukemia 1 (MCL-1)
protein to prevent mitochondria-dependent host cell apoptosis. J
Biol Chem 291:3496-3507

Liehl P, Zuzarte-Luis V, Chan J, Zillinger T, Baptista F, Carapau
D, Konert M, Hanson KK, Carret C, Lassnig C, Miiller M,
Kalinke U, Saeed M, Chora AF, Golenbock DT, Strobl B,
Prudéncio M, Coelho LP, Kappe SH, Superti-Furga G,
Pichlmair A, Vigario AM, Rice CM, Fitzgerald KA, Barchet W,
Mota MM (2014) Host-cell sensors for Plasmodium activate in-
nate immunity against liver-stage infection. Nat Med 20:47-53
van de Sand C, Horstmann S, Schmidt A, Sturm A, Bolte S,
Krueger A, Liitgehetmann M, Pollok JM, Libert C, Heussler VT
(2005) The liver stage of Plasmodium berghei inhibits host cell
apoptosis. Mol Microbiol 58:731-742

Carrolo M, Giordano S, Cabrita-Santos L, Corso S, Vigario AM,
Silva S, Leirido P, Carapau D, Armas-Portela R, Comoglio PM,
Rodriguez A, Mota MM (2003) Hepatocyte growth factor and its
receptor are required for malaria infection. Nat Med 9:1363—1369
Thieleke-Matos C, Lopes da Silva M, Cabrita-Santos L, Portal MD,
Rodrigues IP, Zuzarte-Luis V, Ramalho JS, Futter CE, Mota MM,
Barral DC, Seabra MC (2016) Host cell autophagy contributes to
Plasmodium liver development. Cell Microbiol 18:437-450

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

3s.

36.

Frischknecht F, Matuschewski K (2017) Plasmodium Sporozoite
Biology. Cold Spring Harb Perspect Med 7

Mele R, Gomez Morales MA, Tosini F, Pozio E (2004)
Cryptosporidium parvum at different developmental stages mod-
ulates host cell apoptosis in vitro. Infect Immun 72:6061-6067
Chen XM et al (2001) Cryptosporidium parvum activates nuclear
factor kappaB in biliary epithelia preventing epithelial cell apopto-
sis. Gastroenterology 120:1774-1783

N. Lalaoui, D. L. Vaux, Recent advances in understanding inhib-
itor of apoptosis proteins. F1000Res 7, (2018).

Liu J, Enomoto S, Lancto CA, Abrahamsen MS, Rutherford MS
(2008) Inhibition of apoptosis in Cryptosporidium parvum-
infected intestinal epithelial cells is dependent on survivin. Infect
Immun 76:3784-3792

Hill D, Dubey JP (2002) Toxoplasma gondii: transmission, diag-
nosis and prevention. Clin Microbiol Infect 8:634-640
Molestina RE, Payne TM, Coppens I, Sinai AP (2003) Activation
of NF-kappaB by Toxoplasma gondii correlates with increased
expression of antiapoptotic genes and localization of phosphory-
lated TkappaB to the parasitophorous vacuole membrane. J Cell
Sci 116:4359-4371

Cai Y, Chen H, Mo X, Tang Y, Xu X, Zhang A, Lun Z, Lu F,
Wang Y, Shen J (2014) Toxoplasma gondii inhibits apoptosis via
a novel STAT3-miR-17-92-Bim pathway in macrophages. Cell
Signal 26:1204-1212

Carmen JC, Hardi L, Sinai AP (2006) Toxoplasma gondii inhibits
ultraviolet light-induced apoptosis through multiple interactions
with the mitochondrion-dependent programmed cell death path-
way. Cell Microbiol 8:301-315

Nash PB et al (1998) Toxoplasma gondii-infected cells are resis-
tant to multiple inducers of apoptosis. J Immunol 160:1824-1830
Keller P, Schaumburg F, Fischer SF, Hécker G, Gross U, Liider
CGK (2006) Direct inhibition of cytochrome c-induced caspase
activation in vitro by Toxoplasma gondii reveals novel mecha-
nisms of interference with host cell apoptosis. FEMS Microbiol
Lett 258:312-319

Vutova P, Wirth M, Hippe D, Gross U, Schulze-Osthoff K,
Schmitz I, Liider CGK (2007) Toxoplasma gondii inhibits Fas/
CD95-triggered cell death by inducing aberrant processing and
degradation of caspase 8. Cell Microbiol 9:1556-1570
Gazzinelli RT, Wysocka M, Hieny S, Scharton-Kersten T,
Cheever A, Kiihn R, Miiller W, Trinchieri G, Sher A (1996) In
the absence of endogenous IL-10, mice acutely infected with
Toxoplasma gondii succumb to a lethal immune response depen-
dent on CD4+ T cells and accompanied by overproduction of IL-
12. IFN-gamma and TNF-alpha J Immunol 157:798-805
Gavrilescu LC, Denkers EY (2001) IFN-gamma overproduction
and high level apoptosis are associated with high but not low
virulence Toxoplasma gondii infection. J Immunol 167:902-909
Mordue DG, Monroy F, La Regina M, Dinarello CA, Sibley LD
(2001) Acute toxoplasmosis leads to lethal overproduction of Thl
cytokines. J Immunol 167:4574-4584

Sim S, Yong TS, Park SJ, Im KI, Kong Y, Ryu JS, Min DY, Shin MH
(2005) NADPH oxidase-derived reactive oxygen species-mediated ac-
tivation of ERK1/2 is required for apoptosis of human neutrophils
induced by Entamoeba histolytica. J Immunol 174:4279-4288

Kim KA, Lee YA, Shin MH (2007) Calpain-dependent calpastatin
cleavage regulates caspase-3 activation during apoptosis of Jurkat T
cells induced by Entamoeba histolytica. Int J Parasitol 37:1209-1219
Yan L, Stanley SL Jr (2001) Blockade of caspases inhibits amebic
liver abscess formation in a mouse model of disease. Infect Immun
69:7911-7914

A. 1. Ward et al., In vivo analysis of Trypanosoma cruzi persis-
tence foci at single-cell resolution. mBio 11, (2020).

Krammer PH, Amold R, Lavrik IN (2007) Life and death in pe-
ripheral T cells. Nat Rev Immunol 7:532-542



Semin Immunopathol (2021) 43:481-492

491

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Rodrigues V, Cordeiro-da-Silva A, Laforge M, Ouaissi A,
Akharid K, Silvestre R, Estaquier J (2014) Impairment of T cell
function in parasitic infections. PLoS Negl Trop Dis 8:¢2567

de Meis J, Mendes-da-Cruz DA, Farias-de-Oliveira DA, Corréa-
de-Santana E, Pinto-Mariz F, Cotta-de-Almeida V, Bonomo A,
Savino W (2006) Atrophy of mesenteric lymph nodes in experi-
mental Chagas’ disease: differential role of Fas/Fas-L and TNFRI/
TNF pathways. Microbes Infect 8:221-231

Lopes MF, da Veiga VF, Santos AR, Fonseca ME, DosReis GA
(1995) Activation-induced CD4+ T cell death by apoptosis in
experimental Chagas' disease. J Immunol 154:744-752

Tostes S Jr, Bertulucci Rocha-Rodrigues D, de Araujo Pereira G,
Rodrigues V Jr (2005) Myocardiocyte apoptosis in heart failure in
chronic Chagas’ disease. Int J Cardiol 99:233-237

Vasconcelos JR, Brufia—Romero O, Araujo AF, Dominguez MR,
Ersching J, de Alencar BCG, Machado AV, Gazzinelli RT,
Bortoluci KR, Amarante-Mendes GP, Lopes MF, Rodrigues MM
(2012) Pathogen-induced proapoptotic phenotype and high CD95
(Fas) expression accompany a suboptimal CD8+ T-cell response:
reversal by adenoviral vaccine. PLoS Pathog 8:¢1002699
Rodrigues V Jr, Agrelli GS, Leon SC, Silva Teixeira DN, Tostes S
Jr, Rocha-Rodrigues DB (2008) Fas/Fas-L expression, apoptosis
and low proliferative response are associated with heart failure in
patients with chronic Chagas' disease. Microbes Infect 10:29-37
Freire-de-Lima CG, Nascimento DO, Soares MBP, Bozza PT,
Castro-Faria-Neto HC, de Mello FG, DosReis GA, Lopes MF
(2000) Uptake of apoptotic cells drives the growth of a pathogenic
trypanosome in macrophages. Nature 403:199-203

Silva EM et al (2007) Caspase inhibition reduces lymphocyte
apoptosis and improves host immune responses to Trypanosoma
cruzi infection. Eur J Immunol 37:738-746

Cabral-Piccin MP, Guillermo LVC, Vellozo NS, Filardy AA,
Pereira-Marques ST, Rigoni TS, Pereira-Manfro WF, DosReis
GA, Lopes MF (2016) Apoptotic CD8 T-lymphocytes disable
macrophage-mediated immunity to Trypanosoma cruzi infection.
Cell Death Dis 7:¢2232

Estaquier J, Marguerite M, Sahuc F, Bessis N, Auriault C,
Ameisen JC (1997) Interleukin-10-mediated T cell apoptosis dur-
ing the T helper type 2 cytokine response in murine Schistosoma
mansoni parasite infection. Eur Cytokine Netw 8:153-160
Rutitzky LI, Mirkin GA, Stadecker MJ (2003) Apoptosis by ne-
glect of CD4+ Th cells in granulomas: a novel effector mechanism
involved in the control of egg-induced immunopathology in mu-
rine schistosomiasis. J Immunol 171:1859-1867
Carneiro-Santos P, Martins-Filho O, Alves-Oliveira LF, Silveira
AMS, Coura-Filho P, Viana IRC, Wilson RA, Correa-Oliveira R
(2000) Apoptosis: a mechanism of immunoregulation during hu-
man Schistosomiasis mansoni. Parasite Immunol 22:267-277
Duan Y, Gu X, Zhu D, Sun W, Chen J, Feng J, Song K, Xu F, He
X, He X (2014) Schistosoma japonicum soluble egg antigens in-
duce apoptosis and inhibit activation of hepatic stellate cells: a
possible molecular mechanism. Int J Parasitol 44:217-224

Chen L, Rao KV, He YX, Ramaswamy K (2002) Skin-stage
schistosomula of Schistosoma mansoni produce an apoptosis-
inducing factor that can cause apoptosis of T cells. J Biol Chem
277:34329-34335

Prendergast CT, Sanin DE, Cook PC, Mountford AP (2015)
CD4+ T cell hyporesponsiveness after repeated exposure to
Schistosoma mansoni larvae is dependent upon interleukin-10.
Infect Immun 83:1418-1430

Rumbley CA, Sugaya H, Zekavat SA, Perrin PJ, Phillips SM
(2001) Elimination of lymphocytes, but not eosinophils, by Fas-
mediated apoptosis in murine schistosomiasis. Am J Trop Med
Hyg 65:442-449

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Guasconi L, Serradell MC, Masih DT (2012) Fasciola hepatica
products induce apoptosis of peritoneal macrophages. Vet
Immunol Immunopathol 148:359-363

Serradell MC, Guasconi L, Cervi L, Chiapello LS, Masih DT
(2007) Excretory-secretory products from Fasciola hepatica in-
duce eosinophil apoptosis by a caspase-dependent mechanism.
Vet Immunol Immunopathol 117:197-208

Serradell MC, Guasconi L, Masih DT (2009) Involvement of a
mitochondrial pathway and key role of hydrogen peroxide during
eosinophil apoptosis induced by excretory-secretory products
from Fasciola hepatica. Mol Biochem Parasitol 163:95-106
Hartmann W, Brenz Y, Kingsley MT, Ajonina-Ekoti I, Brattig
NW, Liebau E, Breloer M (2013) Nematode-derived proteins sup-
press proliferation and cytokine production of antigen-specific T
cells via induction of cell death. PLoS One 8:¢68380

Cliffe LJ, Potten CS, Booth CE, Grencis RK (2007) An increase in
epithelial cell apoptosis is associated with chronic intestinal nem-
atode infection. Infect Immun 75:1556-1564

Nagata S, Suzuki J, Segawa K, Fujii T (2016) Exposure of
phosphatidylserine on the cell surface. Cell Death Differ 23:
952-961

Fadok VA et al (1992) Exposure of phosphatidylserine on the
surface of apoptotic lymphocytes triggers specific recognition
and removal by macrophages. J Immunol 148:2207-2216

de Freitas Balanco JM, Costa Moreira ME, Bonomo A, Bozza PT,
Amarante-Mendes G, Pirmez C, Barcinski MA (2001) Apoptotic
mimicry by an obligate intracellular parasite downregulates mac-
rophage microbicidal activity. Curr Biol 11:1870-1873
Wanderley JLM, Deolindo P, Carlsen E, Portugal AB, DaMatta
RA, Barcinski MA, Soong L (2019) CD4(+) T cell-dependent
macrophage activation modulates sustained PS exposure on intra-
cellular amastigotes of Leishmania amazonensis. Front Cell Infect
Microbiol 9:105

van Zandbergen G, Bollinger A, Wenzel A, Kamhawi S, Voll R,
Klinger M, Muller A, Holscher C, Herrmann M, Sacks D, Solbach
W, Laskay T (2006) Leishmania disease development depends on
the presence of apoptotic promastigotes in the virulent inoculum.
Proc Natl Acad Sci U S A 103:13837-13842

Jimenez V, Paredes R, Sosa MA, Galanti N (2008) Natural pro-
grammed cell death in T. cruzi epimastigotes maintained in axenic
cultures. J Cell Biochem 105:688-698

Damatta RA et al (2007) Trypanosoma cruzi exposes
phosphatidylserine as an evasion mechanism. FEMS Microbiol
Lett 266:29-33

Santos TA et al (2011) Phosphatidylserine exposure by
Toxoplasma gondii is fundamental to balance the immune re-
sponse granting survival of the parasite and of the host. PLoS
One 6:¢27867

Rothlin CV, Carrera-Silva EA, Bosurgi L, Ghosh S (2015) TAM
receptor signaling in immune homeostasis. Annu Rev Immunol
33:355-391

Lemke G (2019) How macrophages deal with death. Nat Rev
Immunol 19:539-549

Arandjelovic S, Ravichandran KS (2015) Phagocytosis of apopto-
tic cells in homeostasis. Nat Immunol 16:907-917

Kim S, Park SY, Kim SY, Bae DJ, Pyo JH, Hong M, Kim IS (2012)
Cross talk between engulfiment receptors stabilin-2 and integrin
alphavbetaS orchestrates engulfment of phosphatidylserine-exposed
erythrocytes. Mol Cell Biol 32:2698-2708

Wu'Y, Singh S, Georgescu MM, Birge RB (2005) A role for Mer
tyrosine kinase in alphavbeta5 integrin-mediated phagocytosis of
apoptotic cells. J Cell Sci 118:539-553

Nishi C, Toda S, Segawa K, Nagata S (2014) Tim4- and MerTK-
mediated engulfiment of apoptotic cells by mouse resident perito-
neal macrophages. Mol Cell Biol 34:1512-1520

@ Springer



492

Semin Immunopathol (2021) 43:481-492

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

McGilvray ID, Serghides L, Kapus A, Rotstein OD, Kain KC
(2000) Nonopsonic monocyte/macrophage phagocytosis of
Plasmodium falciparum-parasitized erythrocytes: a role for
CD36 in malarial clearance. Blood 96:3231-3240

Febbraio M, Hajjar DP, Silverstein RL (2001) CD36: a class B
scavenger receptor involved in angiogenesis, atherosclerosis, in-
flammation, and lipid metabolism. J Clin Invest 108:785-791
Fadok VA, Warner ML, Bratton DL, Henson PM (1998) CD36 is
required for phagocytosis of apoptotic cells by human macro-
phages that use either a phosphatidylserine receptor or the
vitronectin receptor (alpha v beta 3). J Immunol 161:6250-6257
Wanderley JLM, DaMatta RA, Barcinski MA (2020) Apoptotic
mimicry as a strategy for the establishment of parasitic infections:
parasite- and host-derived phosphatidylserine as key molecule.
Cell Commun Signal 18:10

Smith TG, Serghides L, Patel SN, Febbraio M, Silverstein RL,
Kain KC (2003) CD36-mediated nonopsonic phagocytosis of
erythrocytes infected with stage I and IIA gametocytes of
Plasmodium falciparum. Infect Immun 71:393-400

Dobbs KR, Embury P, Vulule J, Odada PS, Rosa BA, Mitreva M,
Kazura JW, Dent AE (2017) Monocyte dysregulation and system-
ic inflammation during pediatric falciparum malaria. JCI Insight 2
Royo J, Rahabi M, Kamaliddin C, Ezinmegnon S, Olagnier D,
Authier H, Massougbodji A, Alao J, Ladipo Y, Deloron P, Bertin
G, Pipy B, Coste A, Aubouy A (2019) Changes in monocyte
subsets are associated with clinical outcomes in severe malarial
anaemia and cerebral malaria. Sci Rep 9:17545

Aitman TJ, Cooper LD, Norsworthy PJ, Wahid FN, Gray JK,
Curtis BR, McKeigue PM, Kwiatkowski D, Greenwood BM,
Snow RW, Hill AV, Scott J (2000) Malaria susceptibility and
CD36 mutation. Nature 405:1015-1016

Totino PR, Magalhaes AD, Silva LA, Banic DM, Daniel-Ribeiro
CT, Ferreira-da-Cruz M (2010) Apoptosis of non-parasitized red
blood cells in malaria: a putative mechanism involved in the path-
ogenesis of anaemia. Malar J 9:350

Fernandez-Arias C, Rivera-Correa J, Gallego-Delgado J, Rudlaff R,
Fernandez C, Roussel C, Gotz A, Gonzalez S, Mohanty A, Mohanty
S, Wassmer S, Buffet P, Ndour PA, Rodriguez A (2016) Anti-self
phosphatidylserine antibodies recognize uninfected erythrocytes pro-
moting malarial anemia. Cell Host Microbe 19:194-203

Imai T, Ishida H, Suzue K, Taniguchi T, Okada H, Shimokawa C,
Hisaeda H (2015) Cytotoxic activities of CD8(+) T cells collabo-
rate with macrophages to protect against blood-stage murine ma-
laria. Elife 4

Park D, Hochreiter-Hufford A, Ravichandran KS (2009) The
phosphatidylserine receptor TIM-4 does not mediate direct signal-
ing. Curr Biol 19:346-351

Flannagan RS, Canton J, Furuya W, Glogauer M, Grinstein S (2014)
The phosphatidylserine receptor TIM4 utilizes integrins as
coreceptors to effect phagocytosis. Mol Biol Cell 25:1511-1522
Yanagihashi Y, Segawa K, Maeda R, Nabeshima YI, Nagata S
(2017) Mouse macrophages show different requirements for
phosphatidylserine receptor Tim4 in efferocytosis. Proc Natl
Acad Sci U S A 114:8800-8805

Choi SC, Simhadri VR, Tian L, Gil-Krzewska A, Krzewski K,
Borrego F, Coligan JE (2011) Cutting edge: mouse CD300f
(CMRF-35-like molecule-1) recognizes outer membrane-exposed
phosphatidylserine and can promote phagocytosis. J Immunol 187:
3483-3487

Keswani T, Roland J, Herbert F, Delcroix-Genete D, Bauderlique-
le Roy H, Gaayeb L, Cazenave PA, Pied S (2020) Expression of
CD3001f by microglia contributes to resistance to cerebral malaria
by impeding the neuroinflammation. Genes Immun 21:45-62

@ Springer

88.

89.

90.

91

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

Lodge R, Ouellet M, Barat C, Andreani G, Kumar P, Tremblay
MJ (2012) HIV-1 promotes intake of Leishmania parasites by
enhancing phosphatidylserine-mediated, CD91/LRP-1-dependent
phagocytosis in human macrophages. PLoS One 7:¢32761

Lee SH, Chaves MM, Kamenyeva O, Gazzinelli-Guimaraes PH,
Kang B, Pessenda G, Passelli K, Tacchini-Cottier F, Kabat J,
Jacobsen EA, Nutman TB, Sacks DL (2020) M2-like, dermal
macrophages are maintained via IL-4/CCL24-mediated coopera-
tive interaction with eosinophils in cutaneous leishmaniasis. Sci
Immunol 5:eaaz4415

Lee SH, Charmoy M, Romano A, Paun A, Chaves MM, Cope FO,
Ralph DA, Sacks DL (2018) Mannose receptor high, M2 dermal
macrophages mediate nonhealing Leishmania major infection in a
Th1 immune environment. J Exp Med 215:357-375

Chaves MM, Lee SH, Kamenyeva O, Ghosh K, Peters NC, Sacks D
(2020) The role of dermis resident macrophages and their interaction
with neutrophils in the early establishment of Leishmania major in-
fection transmitted by sand fly bite. PLoS Pathog 16:¢1008674
Bosurgi L, Cao YG, Cabeza-Cabrerizo M, Tucci A, Hughes LD,
Kong Y, Weinstein JS, Licona-Limon P, Schmid ET, Pelorosso F,
Gagliani N, Craft JE, Flavell RA, Ghosh S, Rothlin CV (2017)
Macrophage function in tissue repair and remodeling requires IL-4
or IL-13 with apoptotic cells. Science 356:1072-1076

Ortiz Wilczynski JM et al (2020) GAS6 signaling tempers Th17
development in patients with multiple sclerosis and helminth in-
fection. PLoS Pathog 16:¢1009176

Siano JP, Grady KK, Millet P, Wick TM (1998) Short report:
Plasmodium falciparum: cytoadherence to alpha(v)beta3 on human
microvascular endothelial cells. Am J Trop Med Hyg 59:77-79
Chesnokov O, Merritt J, Tcherniuk SO, Milman N, Oleinikov AV
(2018) Plasmodium falciparum infected erythrocytes can bind to
host receptors integrins alphaVbeta3 and alphaVbeta6 through
DBLdeltal D4 domain of PFL2665¢ PfEMP1 protein. Sci Rep
8:17871

Dundas K, Shears MJ, Sun Y, Hopp CS, Crosnier C, Metcalf T,
Girling G, Sinnis P, Billker O, Wright GJ (2018) Alpha-v-
containing integrins are host receptors for the Plasmodium
falciparum sporozoite surface protein. TRAP Proc Natl Acad Sci
U S A 115:4477-4482

XuLY, QiJN, Liu X, Ma HX, Yuan W, Zhao PQ, Liang XH, Xu 'Y,
Wang HX, Xu XY, Wang W, Ma CH, Gao LF (2015) Tim-4 inhibits
NO generation by murine macrophages. PLoS One 10:¢0124771
Gordon SR, Maute RL, Dulken BW, Hutter G, George BM,
McCracken MN, Gupta R, Tsai JM, Sinha R, Corey D, Ring
AM, Connolly AJ, Weissman IL (2017) PD-1 expression by
tumour-associated macrophages inhibits phagocytosis and tumour
immunity. Nature 545:495-499

Morrissey MA, Williamson AP, Steinbach AM, Roberts EW,
Kern N, Headley MB, Vale RD (2018) Chimeric antigen receptors
that trigger phagocytosis. Elife 7

Chen F, Liu Z, Wu W, Rozo C, Bowdridge S, Millman A, van
Rooijen N, Urban JF Jr, Wynn TA, Gause WC (2012) An essential
role for TH2-type responses in limiting acute tissue damage during
experimental helminth infection. Nat Med 18:260-266

de Souza VCA, Moura DMN, de Castro MCAB, Bozza PT, de
Almeida Paiva L, Femandes CJB, Ledo RLC, Lucena JP, de Araujo
RE, de Melo Silva AJ, Figueiredo RCBQ, de Oliveira SA (2019)
Adoptive transfer of bone marrow-derived monocytes ameliorates
Schistosoma mansoni-induced liver fibrosis in mice. Sci Rep 9:6434

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Management of cell death in parasitic infections
	Abstract
	Introduction
	Parasite strategies to modulate host cell apoptosis
	Prevention of host cell death by protozoan parasites
	Induction of host cell death by protozoan parasites
	Helminth strategies to induce host cell death

	Phosphatidylserine exposure on the infecting parasite: A strategy for initiation and maintenance of infections
	The role of macrophages in the clearance of dying cells during parasitic infection
	PtdSer receptors in phagocytic macrophages
	The impact of PtdSer receptor engagement on parasitic infections

	Conclusions
	References


