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Abstract
Parasitic diseases affect more than one billion people worldwide, and most of them are chronic conditions in which
the treatment and prevention are difficult. The appearance of granulomas, defined as organized and compact struc-
tures of macrophages and other immune cells, during various parasitic diseases is frequent, since these structures will
only form when individual immune cells do not control the invading agent. Th2-typering various parasitic diseases
are frequent, since these structures will only form when individual immune cells do not control the invading agent.
The characterization of granulomas in different parasitic diseases, as well as recent findings in this field, is discussed
in this review, in order to understand the significance of the granuloma and its modulation in the host–parasite
interaction and in the immune, pathological, and parasitological aspects of this interaction. The parasitic granuloma-
tous diseases granulomatous amebic encephalitis, toxoplasmosis, leishmaniasis, neurocysticercosis, and schistosomi-
asis mansoni are discussed as well as the mechanistic and dynamical aspects of the infectious granulomas.
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Introduction

The term granuloma was first coined by Rudolf Virchow in
1863 to refer to usual “tissue granulation” found in tubercu-
lous lungs (tubercle) and some tumors (Turk 1998; Klippe
et al. 2004). At the end of the nineteenth century, other pathol-
ogists defended the use of granuloma instead of tubercle and
associated other infectious diseases with granuloma formation
(Turk 1998; Klippe et al. 2004).

Some definitions of granuloma found in important reviews
are cited below and complement each other. Boros (1986)
defined it as a chronic, mainly mononuclear, inflammatory
tissue response to slowly degradable or insoluble live or inan-
imate agents. For Mariano (1995), the granulomatous inflam-
mation is the morphological substrate for many infections and
non-infectious agents. The unique morphological

characteristic of the granuloma is the occurrence of epithelioid
cells and the concentric appearance of the whole lesion. For
Seitzer et al. (2001), the term granuloma is applied to any
small nodular delimited aggregation of mononuclear inflam-
matory cells or a collection of modified macrophages, usually
surrounded by a rim of lymphocytes and often containing
multinucleated cells. Recently, Págan and Ramakrishnan
(2018) based in Adams and Williams’ definitions (Adams
1976;Williams andWilliams 1983) concluded that granuloma
is a compact, organized aggregate of macrophages, frequently
with characteristic morphological changes, and other immune
cells, that arise in response to a persistent stimulus; what dis-
tinguishes granuloma formation from a chronic inflammatory
aggregation is the characteristic organization of macrophages
into a compact structure. For these authors, granulomas are
enigmatic immunological structures, since many aspects of
their development are not known (Págan and Ramakrishnan
2018).

Granuloma formation could be initiated by various non-
infectious agents mainly with characteristics of insolubility
and/or low degradability, such as silica, talc, and metal salts
(Boros 1986), and inflammation and autoimmune diseases
(e.g., Crohn’s disease and systemic lupus erythematous)
(Shah et al. 2016). The infectious granulomas are caused by
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various virus, bacteria, fungi, protozoa, nematodes, and trem-
atodes (Zumla and James 1996; James 2000; Guarner 2012;
Págan and Ramakrishnan 2018). The latter three groups of
organisms are traditionally placed among parasites.

There have been excellent recent reviews dealing with
granuloma biology and infectious granulomas, but these ad-
dressed each specific disease or infectious diseases in general
(for example, Guarner 2012; Chensue 2013; Guiraldo and
Schlesinger 2013; Moore et al. 2013; Shah et al. 2016;
Págan and Ramakrishnan 2018). The parasitic diseases affect
more than one billion people worldwide, some are considered
neglected tropical zoonotic diseases and most of them are
chronic conditions (Pisarski 2019). The damaged associated
with pathogen persistence that occurs because the immune
response was unable to eradicate the parasite induces granu-
lomatous responses, which in turn can shape the disease out-
come. This outcome can be the eradication or parasite persis-
tence (chronicity).

The characterization of granulomas in different parasitic
diseases, as well as recent findings in this field, is discussed
in this review in order to understand the significance of the
granuloma in the host–parasite interaction and in the immune
and pathological aspects of this interaction. This review is
organized into items; the first item is about the general char-
acterization of the granulomas; this is followed by discussions
of specific parasitic granulomatous diseases (granulomatous
amebic encephalitis, toxoplasmosis, leishmaniasis,
neurocysticercosis, and schistosomiasis mansoni). Most of
these parasitic diseases have tractable experimental models
for the study of mechanistic and dynamical aspects of the
granuloma.

General characterization of granulomas

There are several ways to classify granulomas, though some
of them are confusing. However, two schemes of classifica-
tion are more informative and based on the stimulus that in-
duces granulation formation (infectious or non-infectious; for
examples, see above) and the turnover of macrophages in
granuloma (high or low). In the high-turnover type, the invok-
ing agent is toxic to granuloma macrophages, leading to their
death and replenishment by newly arrived macrophages; in
this case, stimulus is still present (Págan and Ramakrishnan
2018). Examples of high-turnover granulomas are infectious
granulomas. In the low-turnover-type granuloma, inert sub-
stances are surrounded by long-lived macrophages that are
not replaced. As already mentioned, the predominant cell of
a granuloma is the macrophage. During the evolution of in-
fectious granuloma, macrophages respond to many stimuli
(Ramakrishnan 2012) and change their morphology, resem-
bling epithelial cells. Histologically, they have a flattened ap-
pearance, indistinct cell boundaries which are usually found

aggregated into cluster within certain granules, abundant eo-
sinophilic cytoplasm, and elongated or ship-shaped vesicular
nucleus with prominent nucleoli (Yadav and Ramam 2018).
An important ultrastructural observation is that these cells
form interdigitated cell membranes in zipper-like arrays
(Págan and Ramakrishnan 2018); the macrophage
transdifferentiation into epithelioid cells is related to epithelial
reprogramming to express epithelial structures (e.g., E-
cadherin) (Van den Bossche et al. 2015; Nathan 2016; Págan
and Ramakrishnan 2018) as studied in granulomas induced by
Taennia crassicpes and Schistosoma mansoni infection (Van
den Bossche et al. 2015; Díaz et al. 2017; Págan and
Ramakrishnan 2018). Multinucleated giant cells, which are
formed by the fusion of macrophages and are typically large
with nuclei arranged in complete or partial wreaths at the
periphery in cells (Yadav and Ramam 2018), are also seen in
infectious granulomas; their development is mediated by
interacting cell surface proteins present on the fusing macro-
phages, and it has been proposed that adhesion molecules and
fusion regulatory proteins are involved in fusion and
multinucleation (Helming and Gordon 2008; Págan and
Ramakrishnan 2018). Other cells may be a part of a granulo-
ma: lymphocytes, eosinophils, neutrophils, dendritic cells,
and fibroblast.

The idea that granulomas represent a homeostatic mecha-
nism for the neutralization of pathogens or foreign invaders
and that this has been maintained during their evolution is
largely accepted by researchers in the field. In fact, an evolu-
tionary precursor or at least an analog response is observed in
various phyla. For example, zebra fish infected with
Cryptococcus neoformans produces macrophage aggregates
consistent with granuloma observed in mammals (Tenor
et al. 2015); the formation of a granuloma-like structure was
observed in Biomphalaria alexandrina (mollusk intermediate
host for S. mansoni) exposed to parasite miracidia (Ghoname
et al. 2017), while the insect Galleria mellonella infected with
Mycobacterium abscessus showed cellular structures resem-
bling the granulomatous structures seen in human infection
(Meir et al. 2018).

As will be seen in the following items, although gran-
ulomas are designed to be protective to the host, i.e.,
controlling the spread of the parasite, in various parasitic
diseases, the associated tissue injury is often responsible
for a profound degree of pathology (Ito et al. 2013). In
addition, granuloma due to cell recruitment and contain-
ment in that space can also avoid a more potentially
tissue-damaging effector mechanisms. For some chronic
parasitic diseases examined here, granulomatous re-
sponses can shape the disease outcome, i.e., the eradica-
tion or parasite persistence (chronicity or latency). Thus,
from the parasite perspective, granuloma can have a role
in the onward transmission, i.e., an impact on its life cy-
cle. These points are discussed below.

3166 Parasitol Res (2020) 119:3165–3180



Granulomatous amebic encephalitis

Acanthamoeba and Balamuthia are free-living amebas distrib-
uted in various environments and contain species that are
pathogenic to humans. Acanthamoeba may cause localized
amebic keratitis and chronic granulomatous amebic encepha-
litis (GAE), more often in immunocompromised individuals
and otherwise debilitated individuals (Perez and Bush 2007;
Visvesvara et al. 2007). The routes of infection are by direct
contact, through a break in the skin, or through the nasal cavity
or respiratory tract. Balamuthia mandrillaris may also cause
GAE in immunocompromised and immunocompetent indi-
viduals who have a breach in natural protective barriers, such
as a break in the skin, or by pulmonary inhalation (Perez and
Bush 2007). Both organisms have two life cycle stages, tro-
phozoite and cyst. The infective form is trophozoites that can
migrate to the central nervous system (CNS) via the blood
stream and olfactory neuroepithelium (in the case of
Acanthamoeba infection), where they proliferate, inducing a
rare granulomatous inflammatory reaction that progresses for
a period of weeks or months. Although GAE cases have in-
creasingly been reported, they are often under-diagnosed and
the pathogenesis of GAE is not fully understood (Kalra et al.
2020). The disease usually starts with headaches, nausea, and
low-grade fever, and progresses to other neurological symp-
toms such as altered mental state, diplopia, and ataxia, leading
often to death within a few months of symptom onset due to
increased intracranial pressure (Duggal et al. 2017; Kalra et al.
2020). It is likely that circulating amebas cross the blood–
brain barrier to enter the CNS; attach to a host cell, phagocyte,
and “bite off” cells; secrete toxins such as extracellular prote-
ases which are necrotic as well as apoptotic agents; and dam-
age the brain tissue. Studies supporting this hypothesis are
carried out with numerous in vitro assays, various cell lines
from different embryonic origins, and Acanthamoeba (Pettit
et al. 1996; Khan 2003). In a recent article, Shah et al. (2016)
reviewed histologic patterns seen in a variety of clinical con-
ditions and associated infections by Acanthamoeba and
B. mandrillaris with the presence of suppurative granulomas,
defined by a collection of epithelioid histiocytes and multinu-
cleate giant cells with a central collection of polymorphonu-
clear leukocytes (PMNs), possibly occurring in association
with necrotizing or non-necrotizing granulomatous inflamma-
tion (Kinard et al. 2016; Shah et al. 2016; Thomas et al. 2018).
In fact, parenchymal necrosis and granulomas with variations
in the amount of inflammation that are dependent on the im-
munological status of the host are found in the biopsy of
brains. It has been postulated that the impairment of host de-
fense mechanisms in immunocompromised individuals re-
sults or contributes to infection and GAE, since a well-
developed granulomatous reaction may not occur in these
patients and well-developed granulomas that form around
amebas can be found in immunocompetent individuals

(Marciano-Cabral and Cabral 2003; Modica et al.
2018; Muzzi et al. 2018) The presence of T and B cells, in
addition to microglia, macrophages, multinucleated giant
cells, and polymorphonuclear cells, in granulomas observed
in immunocompetent individuals and healthy mice infected
withAcanthamoeba (Fig. 1a) in opposition to rare granulomas
observed in AIDS patients with GAE and mice immunosup-
pressed and infected with ameba (Martínez 1982; Visvesvara
et al. 2007) supports the notion that the concerted action of
immune cells within granulomas results in sequestration of
amebas and is instrumental in slowing or controlling the pro-
gression of GAE (Janitschke et al. 1996; Harrison et al. 2010).

Recently, with the evaluation of more clinical cases, it has
become apparent that classification of GAE is not as clear-cut
as previously thought. Modica et al. (2018) described an un-
usual case of non-granulomatous Acanthamoeba cerebellitis
in an immunocompetent adult with abrupt onset of neurolog-
ical impairment and histopathological findings of excised
cerebellar mass of necrosis, inflammation, and trophozoites,
but without granulomas, while Guarner et al. (2007) reported
that histopathology of Balamuthia infections showed a wider
spectrum of inflammatory reactions, from acute inflammation
only to mixed inflammation with or without granulomas.
Currently, it also become clear that an early development of
type IV hypersensitivity reaction (dependent of Th1 lympho-
cyte activation and pro-inflammatory cytokines) tends to de-
velop during amebic encephalitis; in cases in which this im-
mune reaction is not sufficient to control infection, granuloma
may develop and wall off the amebas and injured tissue (Baig
2015; Guarner et al. 2007).

Since GAE is not a chronic disease, no role can be attrib-
uted to the granuloma in the persistence of the parasite. In
addition, the amebas involved in GAE have the external en-
vironment as their natural habitat and only eventually infect
humans. Furthermore, they do not depend on the host for
transmission. If we are faced with amebas in the transition to
the parasitic way of life, then the role of granuloma in the
transmission can be evaluated in the future.

Future studies done by using in vivo imaging, real-time
markers for granuloma cells, cytokines, and ameba developed
through novel probes and transgenic technology should pro-
vide a detailed and complete picture of granuloma develop-
ment and activity during GAE.

Toxoplasmosis

Toxoplasma gondii is an obligate intracellular protozoan in
which felines are the definitive hosts and mammals and birds
are the intermediate hosts. In humans T. gondii infection oc-
curs through the ingestion of tissue cysts (containing
bradyzoites) from undercooked meat, consumption of food
or drink contaminated with oocysts, or ingestion of oocysts
from the environment (Dubey 2008). In immunocompetent
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humans, toxoplasmosis is asymptomatic; however, non-
specific flu-like symptoms, lymphadenopathy, and some rare
complications might be associated with primary infection
(Saadatnia and Golkar 2002; Dubey 2008). T. gondii infection
during pregnancy may be harmful or even fatal to the fetus
(Saadatnia and Golkar 2002). Ocular toxoplasmosis or toxo-
plasmic retinochoroiditis results from both congenital and ac-
quired parasite infections (Commodaro et al. 2009; Schlüter
and Barragan 2019). Toxoplasmosis is also an opportunistic

infection, particularly in immunodeficiency conditions such
as HIV/AIDS or organ transplants; in these patients, reactiva-
tion of a latent infection might result in toxoplasmic enceph-
alitis, which is potentially fatal if not treated properly
(Saadatnia and Golkar 2002; Commodaro and Barragan
2009).

Toxoplasmosis is classified as a granulomatous disorder
(Zumla and James 1996; Shah et al. 2016). Guarner (2012)
characterized granulomas induced by T. gondii as

Fig. 1 The granuloma
composition in some parasitic
diseases. a GAE well-developed
granuloma with ameba
surrounded by multinucleated gi-
ant cell, epithelioid macrophages,
macrophages, T and B cells, fi-
broblasts, and peripheral collagen
fibers. b Toxoplasmosis less or-
ganized granuloma with parasites,
macrophages, T and B cells, neu-
trophils, eosinophils, and lipid
vacuoles surrounded by fibrin. c
Leishmaniasis granuloma with
focal dying infected macro-
phages, collagen fibers
surrounded by infected macro-
phages, plasma cells, and T cells.
d NCC granuloma with a dying
T. solium cysticercus surrounded
by eosinophils, multinucleated
giant cells, epithelioid macro-
phages, macrophages, T cells, and
collagen fibers. e Schistosomiasis
mansoni granuloma with egg
surrounded by macrophages, eo-
sinophils, dendritic cells, and T
and B cells. Fibroblasts and col-
lagen fibers in the periphery
present as signs of fibrosis
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“granulomas with a vacuole surrounded by fibrin” composed
by macrophages, multinucleated cells, lymphocytes, neutro-
phils, and lipid vacuoles surrounded by fibrin, but did not
discriminate organ localization (Fig. 1b). Shah et al. (2016)
associated toxoplasmosis with non-necrotizing granulomas
observed in the lung, lymph nodes, and liver. In fact, there
are reports of granulomas in the liver and also the bone mar-
row of immunocompetent and immunodeficient patients
(Bertoli et al. 1995; Abdulla and Jemshad 2017).
Histologically, ocular toxoplasmosis typically presents exten-
sive granulomatous inflammatory infiltration of the choroid
and areas of necrosis (Montoya and Liensenfeld 2004;
Belfort et al. 2010). In toxoplasmic lymphadenitis in immu-
nocompetent individuals, reactive follicular hyperplasia, irreg-
ular clusters of epithelioid histiocytes encroaching on and
blurring the margins of the germinal centers, and focal disten-
sion of sinuses with monocytoid cells are commonly seen,
while Langhans giant cells, granulomas, microabscesses, foci
of necrosis, and parasites (or their DNA) are not typically
detected (Montoya and Liensenfeld 2004). In ocular toxoplas-
mosis, granulomatous inflammation of the choroid is com-
monly seen (Montoya and Liensenfeld 2004). In cerebral
toxoplasmosis in AIDS patients, analyses of brain tissue in
surgical biopsies and autopsies vary; moderate to severe in-
flammation, predominance of neutrophils, and frequent fi-
brous encapsulation are important histological findings
(Falangola et al. 1994).

In other hosts infected with T. gondii, the presence of gran-
uloma was reported. For example, brain lesions found in rab-
bits were characterized by inflammation, edema, necrosis, and
the presence of granuloma surrounded by cells with pyknotic
nucleus and large cells with epithelioid appearance (De Lima
et al. 2016). Brain granulomas were also observed in cats
suffering from toxoplasmosis (Pfohl and Dewey 2005;
Falzone et al. 2008).

Despite these histopathological studies, the mechanism and
dynamics of granuloma development have been little studied.
The murine model of toxoplasmosis has been used to study
immune response disease (Denkers and Gazzinelli 1998).
Mice develop fatal acute infection in which the liver, spleen,
and lymph nodes are affected, while granulomas containing
parasites are seen in the liver (Corrêa et al. 2017) and chronic
progressive diseases characterized by cyst burden and granu-
loma are detected in the brain (Schaeffer et al. 2009), depend-
ing on both the parasite and mouse strains. In an elegant study,
Schaeffer et al. (2009) aiming to examine T cell–T. gondii
interactions in the brains of chronic infected mice through
time-lapse and two-photon imaging, structures composed of
balls of static monocyte myeloid cells enclosing parasites and
that are surrounded by T cells were described. Interestingly,
time-lapse imaging revealed that granulomas accumulated
parasite-specific T cells and individual parasites and not cysts.
In this scenario, it is possible that antigen recognition in

macrophages by T cells, stimulation of T cell effector re-
sponses, and macrophage activation by T cells take place in
granulomas. The authors suggest that the physical “walling
of” parasites within granuloma could provide a means of con-
trolling parasite spread while avoiding a more potentially
damaging effector mechanism. This is likely, since cell re-
cruitment and containment are seen in granuloma develop-
ment (Schaeffer et al. 2009).

On the other hand, different T. gondii strains differ in their
capacities to induce pathology; type 1 strains are more virulent
and lethal than type 2 strains, and type 3 parasites are the least
virulent strains resulting in lower cyst burden and less brain
inflammation (Suzuki et al. 1993; Saeij et al. 2005). The
tachyzoites long-distance migratory capacity and shorter dou-
bling time of division, and decreased conversion to the
bradyzoites, observed in type 1 strains as well as the high
levels of the inflammatory cytokines causing pathology by
type 2 strains, are directly involved in the outcome of toxo-
plasmosis (Saeij et al. 2005). Recently, Chen et al. (2020)
proposed a parasite strategy that modulates the M2 macro-
phage phenotype, which could provide a refuge for T. gondii
replication. Using a type 3 strain T. gondii–expressing Cre
recombinant rhoptries, they demonstrated that the parasites
inject rhoptry proteins into infected macrophages and non-
infected macrophages, activating STAT3 and STAT6 tran-
scription factors and inducing M2 macrophages with limited
actimicrobial activities. Whether this phenomenon is occur-
ring within granuloma containing viable parasites is not yet
known, but it could be one of the mechanisms involved in the
long time span T. gondii remains in their hosts.

The presence of granulomas seems to be important for the
persistence (latency and chronicity) of the T. gondii, since
viable parasites and cysts are surrounded by granulomas,
and studies point out that healthy mice have chronic toxoplas-
mosis and the presence of granulomas (168 days), while im-
munodeficient and athymic mice have an acute phase and die
after 3 days (Schlüter et al. 1991). Consequently, granulomas
should play a positive role in the transmission of T. gondii,
since intermediate hosts such as rodents and rabbits have gran-
ulomas in their tissues, and the parasite spreads to a definitive
host field, largely through a predator–prey system.

Finally, in the case of T. gondii granuloma, understanding
histopathological pattern assessment and the review of gran-
ulomas in different tissues of natural T. gondii infections is
necessary, as well as mechanistic studies of granulomas using
different approaches, such as single-cell analysis and laser
microdissection.

Leishmaniasis

Species of genus Leishmania are protozoan belonging to the
order Kinetoplastida and family Trypanosomatidae, which are
transmitted by phlebotominae sandfly vectors. There are two
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life cycle stages amastigotes, found in vertebrate hosts, mainly
in mononuclear phagocytes, and extracellular promastigotes,
found in sandflies. Leishmania is divided into old and new
world variants. There are more than 20 species which may
produce clinical diseases in humans, most inducing a spec-
trum of clinical responses ranging from self-healing cutaneous
lesions (CL) to nonhealing cutaneous and mucosal lesions
(ML), and visceral disease (Burza et al. 2019).

Leishmaniasis is considered granulomatous infections
(Zumla and James 1996; Guarner 2012; Shah et al. 2016).
The granuloma induced during leishmaniasis is classified as
epithelioid with minimal or no necrosis (Fig. 1c), and, as we
will see below, granulomas in the case of leishmaniasis are
associated with the curative phase of infection (Kaye and
Beattie 2016).

The CL present complex histopathological patterns in both
the old and new worlds, making a simple classification diffi-
cult. Authors reported two histological patterns: early lesions
(less than 1 year) with diffuse macrophage infiltrates and
amastigotes, and late lesions (more than 1 year) with orga-
nized granulomas (Mansour et al. 1993; Kurban et al. 1996).
Ridley (1980) classified CL histopathology findings into five
types: diffuse macrophage involvement without necrosis, dif-
fuse macrophage necrosis, focal macrophage necrosis, early
reactive tuberculoid granuloma, and tuberculoid granuloma.
The intact macrophage granuloma without necrosis, macro-
phage lyses with necrosis, and macrophage activation with
granuloma formation are host responses against Leishmania
(Ridley and Ridley 1986; Venkataram et al. 2001; Arruda et al.
2002). Recent studies reinforce these previous analyses and
add relevant information to understand the importance of
granuloma for parasite control during CL. For example,
Safaei et al. (2002) analyzed PCR for Leishmania and histo-
pathological findings of skin biopsies of self-healing CL cases
in old world countries and showed that despite the detection of
parasite DNA in the majority of skin tissues, visualization of
amastigotes was associated only with the presence of unorga-
nized granuloma (called by authors immature granuloma), and
the parasite itself was not visualized in mature granulomas. In
another study, a surprisingly high number of caseating granu-
lomas were found in CL cases in the old world (Aoun et al.
2014). The authors showed that patients with these granulo-
mas had slower healing processes than patients with tubercu-
loid granulomas (Aoun et al. 2014). In the new world, the
species of Leishmania subgenus, L. amazonensis, induces
CL with macrophagic granuloma characterized by a dense
infiltrate of vacuolated macrophages and lymphocytes, and
species ofViannia subgenus, Leishmania braziliensis, induces
ulcerated CL containing epithelioid granulomas with lympho-
cytes, plasma cells, and very few macrophages and
amastigotes (Silveira et al. 2004). To better understand the
sequential events of granuloma development during CL,
Teva et al. (2003) infectedMacaca mulata, a macaque model

of infection, with L. braziliensis, and found that up to 72 h
after parasite inoculation, there was recruitment of polymor-
phonuclear leukocytes, mast cells, and macrophages. After 2–
3 weeks, the dermis showed an infiltrate containing macro-
phages and some macrophages contained amastigotes. In the
late stages of CL, more differentiated macrophages evolved to
form tuberculoid-type granulomas consisting of epithelioid
cells, Langhans-type multinucleated giant cells, lymphocytes,
and plasma cells surrounded by macrophages and fibroblasts.
In the cutaneous scars, fibroblasts proliferated and invaded the
granulomas with fibrotic substitution (Teva et al. 2003). It
should be noted that some Leishmania species have been
known to infect fibroblasts (Corte-Real et al. 1995; El-
shoura et al. 1996; Bogdan et al. 2000). Whether they are a
safe target for parasites and account for the persistence of
parasites after the resolution of lesions is currently unknown
(Corte-Real et al. 1995; Bogdan et al. 2000). Teva et al. (2003)
also showed that IFN-γ- and/or TNF-α-producing CD4+ and
CD8+ T cells are present in the granulomatous lesions of
M. mulata, suggesting that the scenario established in mice
and in vitro models, in which macrophages are activated by
IFN-γ and TNF-α produced by T cells for the elimination of
intracellular parasites via the triggering of microbicidal mole-
cules, such as reactive oxygen species and reactive nitrogen
species, occurs during the granuloma stage. Another relevant
molecule, the TLR9 (Toll-like receptor), was shown to be
present in the dermis of patients with CL. TLR9 expression
is intense and restricted to granuloma containing giant cells; it
is likely that the amastigotes within the granuloma present
protozoan DNA (CpG motifs) that stimulates TLR9 expres-
sion, granuloma formation, and parasite control (Tuon et al.
2010).

In the case of ML, most patients exhibit earlier self-
healing CL induced by L. braziliensis. The parasite can
persist in healing lesions and tends to metastasize,
resulting in recurrent lesions with the potential for muco-
sal involvement (Mendonça et al. 2004). In ML, necrosis
of the nasopharyngeal mucous tissue is associated with
the presence of abundant infiltrates of lymphocytes and
plasma cells, with very few histiocytes, macrophages,
and parasites (Mendonça et al. 2004). In some studies
with ML patients, a tuberculoid granulomatous reaction
associated with the Th1 response pattern (CD4 T cells,
INF, and TNF production) was detected; in other studies,
a mixture of Th1 and Th2 responses (IL-4, IL-5, IL-10
production) was detected in ML patients (Cáceres-Dittmar
et al. 1993; Pirmez et al. 1993). Using the M. mulata
model of L. braziliensis infection, Souza-Lemos et al.
(2008) analyzed an individual with ML; the mucosal le-
sion showed an exudative cellular reaction associated with
focal tissue necrosis, followed by poorly organized gran-
uloma. Further investigation with a larger number of ML
patients and the development of animal models of ML are
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necessary to elucidate the immunopathology and granulo-
matous responses during ML.

Visceral leishmaniasis (VL) caused by Leishmania
infantum in the new world and Leishmania donovani in the
old world manifests by splenomegaly accompanied or not by
hepatomegaly; bone marrow and lymph nodes are parasitized,
and anemia, thrombocytopenia, and neutropenia are frequent
(Rodrigues et al. 2016). Although only a small proportion of
infected individuals manifests clinical disease, VL is fatal
when not treated (Sing et al. 2014). The splenic histopatholo-
gy changes frequently associated with VL are hyperplastic
reactive lymphoid follicles, no clear distinction between white
and red pulps, a large reduction of normal resident cell popu-
lations and/or replacement by plasma cells, hyperplasia and
hypertrophy of macrophages where parasites proliferate, and
failure of granulomatous response (Veress et al. 1983; Goto
and Prianti 2009; Hermida et al. 2018). In the liver, hypertro-
phy and hyperplasia of Kupffer cells with variable parasitism,
foamy macrophage aggregates, infected macrophages
forming small nodules or loosely formed granulomas,
pericellular fibrosis, and failure to develop organized granulo-
mas are characteristics of VL (Hermida et al. 2018). Although
scarce data are available concerning asymptomatic patients,
Pampiglione et al. (1974) biopsied the livers of asymptomatic
patients with positive delayed type hypersensitivity for
Leishmania and observed granulomas consisting of epitheli-
oid macrophages, histiocytes, lymphocytes, and plasma cells.
Taken together, these results suggest a causal relation between
granuloma and resistance to VL.

Dogs are also L. infantum hosts; amastigotes can be found
in macrophages of the bone marrow, lymph nodes, liver, and
spleen; the commonest clinical signs of canine leishmaniasis
(CanL) are lymphadenomegaly, alopecia, onychogryphosis,
exfoliative dermatitis, atrophic myositis of masticatory mus-
cles, glomerulonephritis, polyarthritis, and uveitis (Maia and
Campino 2018). The findings reported in dogs with CanL
reinforce the notion that granuloma is associated with the re-
sistance phase of Leishmania infection. For example, in a
clinical–histopathological study carried out in Venezuela, the
livers of asymptomatic dogs showed well-organized granulo-
mas walling off parasites, macrophages, T cells, and dendritic
cells (Sanchez et al. 2004). In contrast, livers from symptom-
atic dogs showed unorganized infiltrate composed of T cells
and heavily parasited Kupffer cells; in the spleens, a similar
histologic pattern was observed in CanL (Sanchez et al. 2004).
A histological description of intralobular hepatic granulomas
of mongrel dogs naturally infected with L. infantum with de-
fined clinical status from two Brazilian endemic areas also
indicated a higher number of granulomas constituted by par-
asitized or non-parasitized macrophages, epithelioid cells,
lymphocytes, plasma cells, and neutrophils in asymptomatic
dogs as compared with the livers of oligosymptomatic and
symptomatic CanL animals from both geographical regions

(Sant’Ana et al. 2007). Interestingly, in a recent paper, Lima
and co-workers studied semi-domiciled and street dogs with
differing clinical manifestations of CanL in an endemic area in
the State of Bahia, Brazil, and found that the frequency and
morphological characteristics of granulomas bore no relation
to clinical manifestations in the dogs, nor was there any asso-
ciation with the control of parasitism and the well-organized
granulomas containing many amastigotes in their interior
(Lima et al. 2019). The authors proposed, based on similar
findings of some experimental models of leishmaniasis as well
as in tuberculosis studies, that granulomas in dogsmay also be
permissive or non-permissive to Leishmania, i.e., can either
eliminate parasites or favor their survival (Murray 2001; Lima
et al. 2014; Lin et al. 2016; Lima et al. 2019).

The mouse models of leishmaniasis has helped a great deal
in understanding the immune mechanisms, as well as provid-
ing insight into details of granulomas; some reviews on both
subjects have been published in recent years (Nieto et al.
2011; Kaye et al. 2004; Rodrigues et al. 2016). Below is a
brief summary of important investigations and their conclu-
sions related to granulomas in mouse models of leishmaniasis.

Mice s t rains , such as C57Bl/6 , infec ted with
L. amazonensis or Leishmania major have a controlled dis-
ease associated with a Th1 response; histologically, lesions
show a mononuclear infiltration, few infected macrophages,
granuloma formation, and necrosis that are not seen in the
lesions of susceptible mice strains. In the susceptible mice
(Balb/c), the Th2 response is dominant and the lesions
displayed a monomorphic appearance with massive numbers
of vacuolated and heavily parasitized macrophages, and no
granulomas were seen (Almeida et al. 1996; Giorgio et al.
1998). In some mice strains infected with L. donovani or
L. infantum, the liver infection is self-resolving, depending
on the Th1 immune response, and induces granulomas, while
in the spleen, parasites persist and granulomas fail to form,
resulting in a life-long chronic infection (Kaye et al. 2004;
Salguero et al. 2018). The use of a combination of approaches
including intravital microscopy, confocal microscopy, adop-
tive cell transfer, and gene-targeted mice has allowed the ex-
amination of the spatial–temporal development of granulomas
within the mouse liver during VL. During the first hours after
the phagocytosis of amastigotes by Kupffer cells, the granu-
loma begins with mononuclear cell recruitment and infected
Kupffer cell fusion to form multinucleate cells and aggregates
(Kaye and Scott 2011). As the infection proceeds, chemokines
such as CCL2, CCL3, and CXCL10 produced by Kupffer
cells are detected and more inflammatory cells are recruited
(Kaye et al. 2004; Kaye and Scott 2011). The CD4 and CD8 T
cells (antigen-specific and non-specific T cells) and invariant
NKT (iNKT, see below) are recruited to the granuloma and
move freely into and out of granulomas. The long-term con-
tact between CD4 T cells and APC (antigen-presenting cells)
was not widely observed, although Kupffer cells laden with
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amastigotes form long-lasting antigen-specific interactions
with CD8+ T cells within the granuloma (Kaye and Scott
2011; Beattie et al. 2010). The predominance of Th1-type
inflammatory cytokines in hepatic tissue during experimental
VL has been extensively demonstrated (Salguero et al. 2018).
For example, IFN-γ produced by lymphoid cells including
CD4 T cells and NKT cells, which activates microcidal func-
tions of Kupffer cells; IL-12 produced by Kupffer cells; and
TNF-α were detected at significantly higher levels in the liver
and were involved in cell recruitment to granuloma (Murray
et al. 1992; Cotterell et al. 1999; Saunders and Cooper 2000;
Beattie et al. 2010; Robert-Gangneaux et al. 2012). Using the
same experimental approaches, the Bousso group studying the
mouse model of CL induced by L. major showed heterogene-
ity in the level of parasitic specific CD4 T cell infiltration in
different areas of dermal lesional tissue (i.e., granulomas and
stromal microenvironment). They also showed that both sta-
ble and labile contacts between infected cells and CD4 T cells
in the lesional tissue occur. This should result in an efficient
activation of microbial mechanisms in infected macrophages
by IFN-γ produced by T cells and maintenance of niches
(Filipe-Santos et al. 2009; Müller et al. 2012; Heyde et al.
2018). These niches are not detrimental to L. major, since a
high parasite burden represents a source of non-self-antigens.
A similar conclusion can be made for experiments discussed
below, using a murine VL model.

With the aim to understand the granuloma dynamics in VL
and the regulatory mechanisms operating to limit excessive
granuloma formation that can lead to pathological
consequences, Moyo et al. (2018) used transcriptomics,
agent-based modeling. The in vivo experiments with a mouse
model of VL showed that granuloma formation proceeds
asynchronously, i.e., granulomas are found side by side with
granuloma-free scattered infected Kupffer cells (outside of
granulomas) in the hepatic tissue at the same time. The data
also demonstrated that in addition to the infected Kupffer
cells, non-infected Kupffer cells also produce various
chemokines (Cxcl1, Cxcl2, Cxcl3, Ccl3, Ccl4, Cxcl5, Cxcl8,
Ccl9, and Cxcl10), some of them are able to attract the iNKT
cells, a subtype of NKT cell, which participate in the estab-
lishment of a sustained cytokine synthesis network, including
the production of large amounts of INF-γ involved in cell
attraction and parasite clearance within liver granulomas.
The authors hypothesized that both infected and non-infected
Kupffer cells producing chemokines will compete with each
other to attract NKT cells, affecting the formation of granulo-
mas (Moyo et al. 2018), i.e., ultimately inhibiting the extent of
the granuloma and leaving infected cells isolated and non-
engaged in granulomas in the liver tissue.

In addition to the host genotype that shapes the immune
response against the parasite and granuloma formation,
Leishmania intraspecific differences also shape the outcome
of the infection. For example, a L. major strain isolated from a

patient with nonhealing CL induces resistant C57Bl/6 chronic
and nonhealing lesions. The Sacks group showed that these
mice mounted a strong Th1 response, but had lesional IL10
and dermal infected M2 macrophages (Anderson et al. 2005,
Lee et al. 2018). The parasite induction of suppressor cells and
cytokines in the inflammatory site might be an evasive strat-
egy to render Th1 response relatively ineffective and prevent
the parasite clearance, and it should occur through distinct
mannose-containing glycoconjugates expressed in nonhealing
L. major strain (Lee et al. 2018).

Leishmaniasis is a spectrum of zoonotic diseases, which
makes it difficult to draw general conclusions. However, we
suggest that the granulomatous responses in leishmaniasis, in
general, are host-protective and are not host-deleterious struc-
tures. The various observations of the presence of non-
permissive granulomas for amastigotes in tissues of hosts (ro-
dents, dogs, and humans) and niches containing infected cells
that are non-engaged in granulomas, during CL and VL, sug-
gest that the granuloma environment can “protect” some
amastigotes from death. Leishmaniasis is a disease transmitted
by insect vector, which the infected reservoirs are necessary
for the transmission of the parasite. The importance of reser-
voirs can be appreciated by the wide variety of classes infected
with Leishmania, seven mammal orders—Marsupialia,
Cingulata, Pilosa, Rodentia, Primate, Carnivora, and
Chiroptera (Roque and Jansen 2014).

The granuloma is host-protective in leishmaniasis but also
seems to be important in maintaining the life cycle of this
parasite, and many aspects of the dynamics of granuloma
organization during leishmaniasis have been understood in
recent years. However, there are many interesting facets of
the subject yet to be explored, such as the importance of these
structures in immunological memory, the determination of
parasitic antigenic stimuli for granuloma formation, differ-
ences at the level of individual granulomas, and the
immunometabolic features of these structures, a research area,
which is developing, particularly in the case of granulomas in
tuberculosis (Wilson et al. 2019), as well as the studies of
granulomatosis lesions in natural and wild animal reservoirs
of Leishmania.

Neurocysticercosis

Taenia solium is a cestode parasite whose life cycle includes
the adult stage, the eggs, or oncospheres, and the larval stage,
or cysticercus. Humans are definitive hosts when infected by
cysticercus by ingestion of raw or semi-cooked pork, and pigs
are intermediate hosts when they ingest feces with proglotes
containing eggs (García et al. 2003). Humans can also become
infected with T. solium when they ingest water or vegetables
contaminated with eggs. The cysticercus develops in nervous
tissues, and the disease is referred to as neurocysticercosis
(NCC). As in other larval taeniid infections, granulomatous
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responses are observed in NCC, and the development of the
immune tissue responses against various larval taeniids infec-
tions has been reviewed (Fleury et al. 2016; García et al.
2018).

NCC may be symptomless (high percentage of infected
individuals) or associated with a variable clinical spectrum
such as seizures and epilepsy, through headaches, focal signs,
and cognitive deficits (García et al. 2018). Histological and
radiological data from parenchymal NCC in humans indicate
an initial stage (vesicular stage) of the infection in which via-
ble parasite and scanty inflammatory reaction are seen in the
brain, with no symptoms exist (Nash et al 2018; Carpio et al.
2018). Currently, it is accepted that cysts can survive in the
human brain for a long time, likely protected by the blood–
brain barrier and by promoting a suppressive inflammatory
environment (García et al. 2010; Adalid-Peralta et al. 2013;
Del Brutto 2014). In vitro studies have demonstrated that a
metacestode factor (MF) is derived from viable cysticerci of
T. solium–inhibited lymphocyte proliferation and production
of IL-2 and INF-γ in murine spleen cells and TNF-α by mac-
rophages, and that human dendritic cells promote regulatory T
cell differentiation in the presence of viable T. solium cysticer-
ci (Molinari et al. 1990; Tato et al. 1995; Arechavaleta et al.
1998; Adalid-Peralta et al. 2013).

The colloidal stage occurs when eventually the cyst dies
and, consequently, cannot promote an inflammatory suppres-
sive environment. On the contrary, antigens released from
disintegrated or dead parasites elicit a local and inflammatory
Th1 reaction that initiates with stimulated microglial cells and
resident macrophages producing and secreting chemokines
such as CCL2, CXCL8, and CCL3 that cause transendothelial
migration of peripheral monocytes and neutrophils, a prereq-
uisite for granuloma development (granular stage). These
granulomas are mainly composed of degenerative parasite
surrounded by macrophages, epithelioid cells, multinucleated
giant cells, neutrophils, B cells, T cells, and plasma cells as
well as layers of types I and III collagen (Fig. 1d) with prev-
alent Th1 cytokines such as INF-γ and IL-18, whereas the
Th2 profile included IL-13 (Restrepo et al. 2001; García
et al. 2010; Fleury et al. 2016).

The colloidal and granular stages are seen in symptomatic
NCC patients, and it has been hypothesized from the findings
in human brain biopsies, mice models of NCC, and in vitro
studies that neuroinflammation and granuloma in NCC are a
“double-edged sword,” i.e., granulomas formed in response to
dying parasites are required to act as a barrier between anti-
gens and disintegrating parasites and adjacent CNS tissue, but
potentially cause an increase in symptomatology and clinical
complications (Carpio et al. 2018). For example, recently,
Robinson et al. (2012) showed that brain biopsies from NCC
patients contained the substance P, a neuropeptide produced
by neurons, endothelial cells, and immunocytes, and involved
in the pathogenesis of seizures; in addition extracts of

granulomas from NCC mice caused seizures when injected
into the hippocampus of wild type mice, but not when injected
into transgenic mice deficient SP receptor, suggesting that
seizures are the result of the granulomatous host response
rather than mediators produced by the parasite itself.

Once the parasite debris is cleared from the tissue, the
granuloma resolves. In the calcified phase, the granulation
tissue is replaced by collagenous structures and calcification
(Escobar 1983; White 2000; Robinson et al. 2012), and the
calcified lesions with the surrounding edema have been asso-
ciated with episodic seizure activity, leading researchers to
speculate that substance P within the inflammatory response
leading to edema around calcified cysts causes seizures in this
setting as well (Stringer et al. 2003; Robinson et al. 2012).

However, there is evidence to suggest that T. solium has
developed mechanisms to delay granulomatous response.
Cysts cysteine proteinase, which induces lymphocyte apopto-
sis (Mkupasi et al. 2013), a small RNA peptide which reduces
size and cellularity of murine granuloma (Tato et al. 1995) and
parasite mature micro RNA, which suppress inflammatory
cytokine production in macrophages (Landa et al. 2019),
should be a role in the downregulation of granulomatous
response.

Humans as an intermediate hosts are dead-end host of
T. solium. Pigs, a T. solium–preferred species as intermediate
hosts, have chronic cysticercosis which is characterized by the
simultaneous presence of intact cysts surrounded by stable
fibrous capsules, and degenerative cysts surrounded by Th1-
type inflammatory granulomas in heart and skeletal muscles
(Alvarez et al. 2002; Londoño et al. 2002). The parasite per-
sistence in these tissues guarantees that the definitive host
become infected, since the T. solium life cycle involves a
predator–prey system.

Although many aspects of immunopathology of NCC are
known, several questions remain unanswered. Some of these
are related to granulomas: the identification of antigens re-
sponsible for immunomodulation and granuloma develop-
ment, the role of different cells in the control of disease and
the pathology of NCC, and the mechanisms associated with
the resolution of granuloma and calcified T. solium
development.

Schistosomiasis mansoni

Schistosoma is digenetic flatworms that belong to the
Plathelminthes phylum and Trematodea class. In the mamma-
lian definitive hosts, the male and female adults reside within
the mesenteric veins of the intestine (S. mansoni), mate, and
produce eggs. The eggs are deposited in the venules, move
toward the lumen of the intestine, and are excreted with feces;
in fresh water, the now miracidia penetrate the snail host and
transform into cercarias. These larvae are released from the
snail into water; can penetrate the dermis of mammalian hosts;
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and develop, during a complex migration in the host body,
into adult worms (Pearce 2005).

There are many pathogenic Schistosoma species, such
as S. mansoni, S. haematobium, S. japonicum, and
S. mekongi. In this review, we focus on schistosomiasis
mansoni, since the periovular granuloma induced during
the infection is one of the most studied granulomatous
responses. Indeed, schistosomiasis is a disease caused pre-
dominantly by the host’s immune response to schistosome
eggs and the granulomatous reaction they evoke (Burke
et al. 2009).

There is acute and chronic schistosomiasis. The acute dis-
ease is uncommon in residents of endemic areas and is char-
acterized by myalgia, abdominal pain, diarrhea, fatigue, mal-
aise, and fever. Most patients recover spontaneously, whereas
some develop more serious disease, diarrhea, diffuse abdom-
inal pain, and hepatomegaly, as a consequence of the worm
maturation and initiation of egg deposition (McManus et al.
2018). Reviewing the studies of outbreaks of acute schistoso-
miasis mansoni in Brazil, Lambertucci (2010) demonstrated
that there are usually necrotic–exudative periovular granulo-
mas with dense eosinophilic infiltrate on the serosal surface of
the liver tissue obtained by needle biopsy and in the intestine
of patients with well-defined clinical pictures. Data of the
immune responses of some patients with acute disease showed
that their peripheral blood mononuclear cells stimulated with
adult worm antigen produced mixed Th1 and Th2 cytokines
(Williams et al. 1994; Abath et al. 2006). De Jesus et al. (2002)
showed that patients with acute schistosomiasis produced
more INF-γ than chronically infected patients, but fewer pa-
tients with acute disease produced IL-10 in response to soluble
egg antigen (Abath et al. 2006). Unfortunately, these results
were not related to the presence of granulomas in the tissues.

In chronic schistosomiasis, the intestinal form causes non-
specific abdominal pain, diarrhea with or without blood, and
anemia, and is associated with the deposition and retention of
eggs produced by the female worm in the intestinal mesenter-
ies (mainly of the colon and terminal ileum) (Burke et al.
2009; Weerakoon et al. 2015; Costain et al. 2018). A subse-
quent granulomatous response is observed around the eggs if
they are not voided and form large non-malignant masses,
pseudopolyposis, and microulceration (Burke et al. 2009;
Betson et al. 2010); in other colonic biopsies, mild inflamma-
tory infiltrates were observed in chronic schistosomal patients,
but also sub-mucosal fibrosis and granulomas around the
eggs, composed of eosinophils, lymphocytes, macrophages,
and plasma cells (Mohamed et al. 1990; Cao et al. 2010;
Swe et al. 2016).

The hepatosplenic disease is the severe form of schistoso-
miasis mansoni which occurs in about 10% of infected indi-
viduals (Lambertucci et al. 2000; Voieta et al. 2010). The
disease is associated with enlargement of the liver and spleen,
as well as periportal fibrosis that leads to portal hypertension,

portacaval shunting, ascites, and gastrointestinal varices
which can result in fatal upper gastrointestinal bleeding
(Strickland 1994; De Cook 1986; Burke et al. 2009; Colley
et al. 2014). There is some variability in the histological find-
ings of liver fragments from patients; variable degrees of fi-
brosis with the absence or presence of periovular granulomas,
sometimes with calcified egg, were reported (Voieta et al.
2010; Hegade et al. 2012). The granuloma can contain egg
or remnants inside an area of eosinophilic necrosis, or
engulfed in multinucleated giant cells present in the center,
surrounded by epithelioid cells, lymphocytes, plasma cells,
eosinophils, and histiocytes (Fig. 1e); the older granulomas
contain fibroblasts, fibrocytes, and collagen fibers (Kubasta
et al. 1965). Since this hepatosplenic disease is chronic, with
slow progression of infection and host defense, patients can
present mild, moderate to severe fibrosis, as well as active or
gradual decrease of granulomatous reaction, which could ex-
plain the variability of histological pattern and dynamic of
granuloma formation and pathology reported in the literature
(Kubasta et al. 1965; Andrade 2009; Colley et al. 2014).

The idea that granuloma is a host-protective structure
that serves to “wall off” the egg and also destroy the egg
and the miracidium inside is logical. Although there is
some controversy, it has been suggested that abundance
of eosinophils within granulomas and their cytotoxic
granules is involved in egg destruction (Andrade 1987;
Schwartz and Fallon 2018). In addition to granulomas
ensuring egg containment, they sequester egg-secreted
products and antigens that can be hepatotoxic, such as
omega-1 and IPSE/alpha-1 or inductors of exaggerated im-
mune response against the parasite (Wilson et al. 2007;
Abdulla et al. 2011; Schwartz and Fallon 2018).
Granulomas also serve to preserve gut integrity and pre-
vent subsequent bacterial invasion during schistosome
infection (Chuah et al. 2014). In addition, intestinal gran-
ulomatous inflammation facilitates egg translocation into
the lumen and excretion in the feces, indicating that gran-
uloma could be a beneficial structure for the parasite
(Schwartz and Fallon 2018)

The granulomas are also deleterious to the host.
Several substances such as lysozyme, β-glucuronidase,
prostaglandins, leukotrienes, and free radicals produced
by cell populations within the granuloma are potentially
destructive to the surrounding tissue (Chuah et al. 2014).
The fibrosis triggered by granulomas is the main cause of
the pathology associated with schistosomiasis mansoni
(see above). As noted by Wilson et al. (2007), granuloma
formation therefore seems to be a compromise, which
allows the host to live with the infection for many years,
and presumably, the chronic detrimental effects associated
with granulomas (fibrosis, portal hypertension) represent a
better alternative for host and parasite, than that of the
host dying soon after parasite egg production.
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The more significant findings related to granuloma devel-
opment and associated immune responses during schistosomi-
asis mansoni were obtained from mouse models; the essential
points are briefly summarized below.

The reports indicating that T cell–deprived, nude, and se-
vere combined immunodeficiency diseasedmice being unable
to mount granulomatous responses against Schistosoma and
all dying earlier than comparably infected immunologically
healthy mice strongly suggest that the process of the
granuloma formation is T cell–dependent and that granuloma
protects the host (Wilson et al. 2007). Schistosomiasis
mansoni induces a Th2-type prevailing immune response,
but also an initial Th1 pro-inflammatory cytokine release
when the host is exposed to a migrating immature parasite
(Hams et al. 2013). Following this initial phase, the CD4 Th
cells enter the lesion and release IL-12 and INF-γ, which
facilitate the hepatic granuloma formation with monocyte,
mast cell, dendritic cell, and lymphocyte influx. The SEA
(soluble egg antigens) and ω-1 antigen (see below for more
details) are taken up by dendritic cells which stimulate Th2
cell expansion as well as IL-4, IL-5, and IL-13 production,
leading to lymphocytes and eosinophils infiltration, and the
enlargement of the granuloma (Lundy and Lukacs 2013). The
peak of this Th2 response is closely associated with the mag-
nitude of granulomatous inflammation surrounding the egg.
After this stage, the schistosome egg becomes degenerated
and disintegrated, and a Th2-type reaction accompanied by a
change of cellularity of the granuloma, with influx of eosino-
phils, fibroblasts, and the accumulation of M2 macrophages,
is detected in the hepatic tissue (Lundy and Lukacs 2013). The
M2 macrophage phenotype is acquired through IL-4 and IL-
13 mediating IL4Rα signaling and is associated with
arginase-1 expression, an enzyme converting L-arginine to
L-orthinine, which is further converted to proline, a critical
amino acid for the production of collagen and therefore the
development of fibrosis (Lundy and Lukacs 2013; Schwartz
and Fallon 2018). The IL-13 also signals fibroblasts to pro-
duce collagen by similar mechanism (Schwartz and Fallon
2018). Innumerous studies have identified various subtypes
of lymphocytes in the granulomas such as B cells, Th17 cells,
and T reg cell; cytokines such as alarmins, IL-33, and IL-25;
chemokines such as the macrophage inflammatory proteins
(MIP-1β and MIP-2); and vascular endothelial factor and
hypoxia-inducible factor (Park et al. 2001; Aráujo et al.
2010; Hams et al. 2013). All these cells and biomolecules
should be players in Schistosoma granuloma. It is noted that,
in contrast to the eggs deposited in the liver, the eggs in the
intestine are shed, which could explain the differences in the
granuloma cellularity and composition: intestinal granulomas,
harboring more macrophages and less eosinophils, T and B
cells, and a tendency to be more organized with fewer
circumferal collagen fibers (Amaral et al. 2017; Schwartz
and Fallon 2018).

The larval form housed in the egg is the responsible for the
production and release of SEA, a complex mixture of stimu-
latory antigens. Initial experiments, suggesting the importance
of these antigens, demonstrated that SEA-specific antibodies
downmodulate granuloma formation, due to neutralization
and sequestration of the antigens by antibodies (Jankovic
et al. 1997). Now, we know that the SEA antigens α-1 and
ω-1 (T2 ribonuclease) and lact-N-fucopentaose III, through
binding and internalization on DC and macrophages, lead to
polarization of these cells towardM2–Th2 responses, increase
lymphocyte and eosinophil infiltration, and induce the en-
largement of granulomas (Lundy and Lukacs 2013). More
recently, the genetic manipulation by lentivirus transduction
demonstrated that ω-1 knockdown eggs impair granuloma
expansion by diminishing the area, as well as macrophage,
B cell, and CD4 T cell infiltration (Hagen et al. 2014). These
data demonstrated the impact of egg antigens on granuloma
formation, reflecting on the host immune system and, in a
broader sense, in overcoming the disease.

Many aspects of granuloma formation during schistosomi-
asis have already been revealed, allowing this chronic para-
sitic disease to be an example of the triple role of granulomas.
These structures are shaping the host–parasite interaction as
structure host-protective (walling “off” and destructing eggs),
as well as host-deleterious (fibrosis) and parasite beneficial
(facilitating egg translocation into the lumen and excretion
in the feces). This excellent model of a granulomatous para-
sitic disease will continue to help understand the mechanistic
and functional aspects of infectious granulomas.

Conclusions and perspective

The chronic aspect of many parasitic diseases with long-term
host/parasite survival is the result of a combination of a host
immune response which did not work properly worked, while
parasite escape systems worked well. Thus, the appearance of
granulomas during various parasitic diseases is frequent, since
these structures will only form when individual immune cells
do not control the invading agent. In this review, we referred
to some parasitic granulomatous diseases, and it became clear
that while in some of them the host-protective mechanisms of
granulomas are described, as in GAE, toxoplasmosis, and
leishmaniasis, in NCC and schistosomiasis mansoni, granulo-
ma is a “double-edged sword.” The diversity of granuloma-
tous responses during these parasitic diseases has also became
evident, despite the restricted variety of cell types found in
granulomas (Fig. 1).

It is difficult to generalize the future directions for research
in the area of granulomatous response in the diseases
discussed in this review. What we can bet on is that the im-
portance of granuloma in disease outcome will be further
discussed in the following years, as well as the mechanistic
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aspects, such as the spatio-temporal localization of immune
transcripts and protein localization, cellular metabolism, and
micronutrient availability within granulomas. The granuloma
is a complex structure, and deciphering all its details will be a
great step in understanding and controlling the host–parasite
interaction.
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