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Schistosomiasis remains to be a significant public health problem in tropical and

subtropical regions. Despite remarkable progress that has been made in the

control of the disease over the past decades, its elimination remains a daunting

challenge in many countries. This disease is an inflammatory response-driven,

and the positive outcome after infection depends on the regulation of immune

responses that efficiently clear worms and allow protective immunity to develop.

The innate immune responses play a critical role in host defense against

schistosome infection and pathogenesis. Initial pro-inflammatory responses

are essential for clearing invading parasites by promoting appropriate cell-

mediated and humoral immunity. However, elevated and prolonged

inflammatory responses against the eggs trapped in the host tissues contribute

to disease progression. A better understanding of the molecular mechanisms of

innate immune responses is important for developing effective therapies and

vaccines. Here, we update the recent advances in the definitive host innate

immune response to schistosome infection, especially highlighting the critical

roles of pattern recognition receptors and cytokines. The considerations for

further research are also provided.
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Introduction

Schistosomiasis remains to be a significant public health problem in tropical and

subtropical regions. Infection takes place when the final host is exposed to infective

cercariae of Schistosoma which actively penetrate through the skin and rapidly transform

into schistosomula. S. japonicum, S. mansoni and S. haematobium are the main species
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causing disease in human. S. japonicum is transmitted by the

Oncomelania snail and causes intestinal and hepatosplenic

schistosomiasis in China, the Philippines, and Indonesia. S.

haematobium is transmitted by the Bulinus snail and causes

urogenital schistosomiasis in Africa and some Arabian

Peninsula. S. mansoni is transmitted by the Biomphalaria snail

and causes intestinal and hepatic disease in Africa, the Arabian

Peninsula and Latin America (McManus et al., 2020).

The continuous efforts of the national schistosomiasis

control programs as well as the World Health Organization

(WHO) technical and financial supports have contributed to the

elimination or reduction of the prevalence of this devastating

disease in several countries (Nelwan, 2019; Wiegand et al., 2021).

However, it is estimated that this neglected tropical disease

is still endemic in 78 countries, with more than 200 million

people infected and almost 800 million people at risk worldwide

(Molehin, 2020). WHOs recommended strategy for controlling

schistosomiasis is mass drug administration using the only

available drug, praziquantel (PZQ) (Teixeira de Melo et al.,

2013; Nelwan, 2019). PZQ is effective against adult worms but

has less efficacy against juvenile forms and cannot prevent

reinfection, warranting the need of alternative drugs or

effective vaccines to facilitate the achievement of sustainable

development goals (SDGs) for controlling this condition

(Onasanya et al., 2021).

Similarly, remarkable efforts have been made in

schistosomiasis vaccine research (Ramos et al., 2009; Tallima

et al., 2015; Ricciardi et al., 2018; Riveau et al., 2018; You et al.,

2018). Some vaccines, such as 28-kDa glutathione S-transferase

of S. haematobium (Sh28GST), S. mansoni fatty acid-binding

protein (Sm-14), and tetraspanin 2 protein (TSP-2) of

S. mansoni (Sm-TSP-2) are at clinical trials (McManus et al.,

2020), but there is no available prophylactic vaccine or therapy.

A comprehensive understanding of the host innate and

adaptive immune responses to the invading schistosomes is

vitally important for the development of the drugs and

vaccines (El Ridi et al., 2010; Hu et al., 2017; Castro et al.,

2018; Li et al., 2020; Amaral et al., 2021). Investigations focused

to explore the host adaptive immune responses to the invading

schistosomes have been well addressed, however, the functions

of the host innate immunity in host-parasite interaction have not

been systematically and comprehensively summarized.

The innate immune system is a universal and an ancient

form of host defense strategy against pathogenic infection

(Beutler, 2004; Mountford and Trottein, 2004). It mediates

the recognition of pathogen-associated molecular patterns

(PAMPs) including pathogen lipopolysaccharide (LPS),

peptidoglycan, DNA and RNA, and sets the stage for the

adaptive immune response (Aksoy et al., 2005; Thomas et al.,

2005; Venugopal et al., 2009). Here, we summarize the recent

progress on the pattern recognition receptors (PRRs) signaling,

and the innate immune responses during schistosomiasis in a

mammalian host.
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Schistosome recognition by
innate immune cells and
signaling pathways

The immune cells express many kinds of receptors in order

to detect pathogens. These receptors are key elements of the

innate immune system. They are mainly expressed by antigen-

presenting cells (APCs) such as dendritic cells (DCs) and

macrophages, but they are also found in other immune and

non-immune cells (van Riet et al., 2009; Magalhães et al., 2010;

Xu et al., 2014; Kaisar et al., 2018). There are five families of

PRRs: Toll-like receptors (TLRs), Nucleotide-binding

oligomerization domain-like receptors (NLRs), C-type lectin

receptors (CLRs), RIG-1 like receptors (RLRs) (Takeuchi and

Akira, 2010), and Absent in melanoma 2 (AIM2)-like receptors

(ALRs) (Wang et al., 2019). Three of these PRRs (TLRs, CLRs

and NLRs) have been well characterized in schistosomiasis.
TLR-dependent innate immune signaling

TLRs are transmembrane PRRs. They regulate immune

responses through the recruitment of the downstream

adapters, including myeloid differentiation primary response

protein 88 (MyD88), TIR domain-containing adapter protein

inducing IFN-b (TRIF) and TRIF-related adapter molecule

(TRAM). Depending on their cellular localization and agonist,

the TLRs fall into two groups: plasma membrane-anchored

TLRs (TLR1, 2, 4, 5 and 6) and endosomal TLRs (TLR3, 7, 8

and 9). The plasma membrane-anchored TLRs mainly recognize

microbial membrane components while the endosomal TLRs

predominantly recognize microbial nucleic acids (Liu et al.,

2017). After schistosome detected, TLRs recruit adapter

molecules to relay signals to downstream molecules, which

results in the activation of the transcription of nuclear factor

(NF)-kB and mitogen-activated protein kinases (MAPKs)

pathways (Aksoy et al., 2005; Thomas et al., 2005; Venugopal

et al., 2009).

Different antigens drive distinct immune responses via

TLRs. The excretory-secretory (ES) products released within

the first 3 h of cercarial transformation (termed 0-3 hRP) have

been shown to induce IL-12p40 production in macrophages via

TLR4-MyD88 pathway (Cardoso et al., 2008). Similarly, S.

mansoni schistosomula tegument Sm29 antigen triggers TLR4-

MyD88 pathway to induce the production of IL-12 and TNF-a
in DCs (Figure 1A) leading to Th1 immune responses in murine

schistosomiasis (Thomas et al., 2003; Durães et al., 2009). Also,

the extracellular vesicles (EVs) released from the worm can

activate macrophages-mediated immune signaling in murine

schistosomiasis (Trottein et al., 2004; Jenkins et al., 2005).

Molecular analysis revealed that the EVs released by

schistosome contain microRNA (miRNA) that interacts with
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macrophages via TLR4 to regulate the expression of pro-

inflammatory cytokines (Gong et al., 2018). However, another

study revealed that the hosts miRNA is also involved in

macrophages-mediated immune responses (Donnelly et al.,

2010). In their study, Guiri and Cheng found that the host

miR-148a targets the phosphatase and tensin homolog (PTEN)

through PI3K/AKT pathway to regulate cytokine production in

macrophages (Donnelly et al., 2010). As the worm can absorb

the host product, it remains unclear whether the host miR-148a

is released by the worm EVs or is directly produced by the

macrophage. Further investigation are needed to resolve this

issue. via tensing

The egg Lacto-N-fucopentose III (LNFPIII) triggers TLR4 to

induce DC2 polarization and subsequent Th2 immune response

(van Riet et al., 2009; Zhu et al., 2016). Besides, the dsRNA from

an egg induces DC-driven Th2 immune responses via TLR3-

MyD88 pathway (Aksoy et al., 2005). However, unknown

ligands from eggs have induced type I IFN (IFN-I) production

in DCs via the IFN-I receptor (IFNAR)-STAT-1 pathway (Liu

et al., 2019), suggesting that IFN-I may be produced during

schistosomiasis in TLR independent-manner. In addition, the

soluble egg antigens (SEAs) can activate MyD88/NF-kB
pathways of both TLR2 and TLR4 in murine macrophages.

TLR4 signaling results in the production of TNF-a and IL-12

(Xu et al., 2014), whereas TLR2 signaling results in the

production of IL-6 and monocyte chemoattractant protein-1

(MCP-1) (Figure 1B) (Tang et al., 2021). Interestingly, a relevant

study revealed that the worms cysteine proteases can inhibit

TLR3/4-TRIF mediated IFN-I production in macrophages,
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suggesting the complexity of the inflammatory response

regulation by schistosomes (Giri and Cheng, 2019).

via fucopeptide

In addition to professional APCs, TLRs have been

functionally characterized on eosinophils and natural killer

(NK) cells during schistosomiasis (Magalhães et al., 2010;

Chen et al., 2019). Eosinophils function as effector cells and

they may also play modulatory roles via cytokine production. In

vitro study revealed that S. mansoni lipids extract such as

lysophosphatidylcholine (LPC) and prostaglandin (PG)D2 can

interact with human eosinophil expressing TLR2 to induce

eicosanoid synthesis and inflammatory phenotype (Magalhães

et al., 2010; Magalhães et al., 2018). It is worth mentioning that

eicosanoids have complex functions, in some cases, they support

inflammation such as enhancing pro-IL-1b biosynthesis, and in

others cases, they block inflammatory processes, for instance, by

destabilizing TNF-a transcript (Sheppe and Edelmann, 2021).

NKs responds to the invading pathogens by exerting a direct

cytotoxic effect or secreting various cytokines, particularly

interferon-gamma (IFN-g) (Li et al., 2015). Both TLR3 and

TLR4 can mediate NKs cell activation during schistosomiasis

(Qu et al., 2018; Chen et al., 2019).
CLR-dependent innate immune signaling

While the TLRs represent the most extensively characterized

family of PRRs during schistosomiasis, there is an increasing

understanding of the role of CLRs in innate immune activation.
A B

FIGURE 1

Schematic representation of TLR signaling. (A) TLR4 localizes to the cell surface. It is activated by ligand binding, which leads to the dimerization
of TLR and the recruitment of TLR domain-containing adaptor proteins. Then MyD88 activates IRAK which induces K63-linked
polyubiquitination on TRAF6 itself and TAK1. The TAK1 activation leads to the activation of IKK complex NF-kB and cytokine genes transcription.
The worms DNA is sensed by cGAS, resulting in the activation of STING-TBK1-IRF3 signaling and IFN-I response. (B) Egg activated TLR2 recruits
MyD88, resulting in the phosphorylation of P38, ERK1/2, and JNK. Thereafter, NF-kB induces the expression of the IL-6 gene.
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CLRs belong to a large family of proteins that contain a

carbohydrate recognition domain (CRD) that in most cases

binds sugars by binding to calcium ion (Ca2+) (Geijtenbeek

and Gringhuis, 2009). Following PAMPs binding, CLRs induce

multiple signal transduction cascades through their own

immunoreceptor tyrosine-based activation motifs (ITAMs) or

interacting with ITAM-containing adaptor proteins such as

FcRg. These signaling cascades lead to the activation of the

NF-kB family of transcriptional factors through a Syk and

CARD9-dependent pathway. The activation of NF-kB results

in the production of pro-inflammatory cytokines and

chemokines, which in turn attract leucocytes to the site of

pathogen invasion or tissue damage (Kingeter and Lin, 2012).

In contrast to TLRs, the main function of CLRs is to internalize

antigens for the degradation, and to enhance antigen processing

and presentation on major histocompatibility complex (MHC)

classes I and II (Geijtenbeek and Gringhuis, 2009).

Several glycan moieties that interact with the CLRs have

been identified in schistosome SEAs and migrating

schistosomula ES products (Nyame et al., 2003; Vázquez-

Mendoza et al., 2013; Pham et al., 2020). In human

schistosomiasis, S. mansoni glycolipid induces DC-driven Th1

immune responses by the cooperation of DC-specific

intercellular adhesion molecule-3-grabbing nonintegrin (DC-

SIGN) and TLR4 (van Stijn et al., 2010). The glycosylated ES

products released by S. mansoni larvae can interact with both the

mannose receptor (MR) and DC-SIGN to induce cytokine

production in immune cells (Paveley et al., 2011; Kuipers and

Nolte-'t Hoen, 2020). The in vitro investigation revealed that

both SEAs and adult worm antigens can interact with the host

macrophages through the specific ICAM-3 grabbing

nonintegrin-related 1 (SIGNR1) (Saunders et al., 2009). In

addition, human macrophage galactose-type C-lectin (MGL)

can internalize Schistosoma glycan for processing and

presentation (van Vliet et al., 2005). Relevant studies revealed

that the glycoprotein IPSE/a1 and k5 are the main components

of eggs that interact with DCs through MR and SIGN to induce

Th2 immune responses (van Die et al., 2003; Meevissen et al.,

2012; Ponichtera and Stadecker, 2015).

Similarly, both Dectin-1 and Dectin-2 have been shown to

interact with SEAs to induce eicosanoid PGE2 synthesis in DCs

(Kaisar et al., 2018). PGE2 is known as the regulator of the

activation, maturation, migration, and cytokine secretion of the

innate immune cells (Agard et al., 2013). In vitro studies have

shown that the liver/lymph node-specific SIGN (L-SIGN) can

recognize multiply fucosylated fractions within an eggs

glycosphingolipids but cannot bind to glycosphingolipids from

cercarial or adult schistosomal stages, probably due to the

difference in structure (Meyer et al., 2007).

Recently, the Collectin Kidney 1 (CL-K1, encoded by

COLEC11 on chromosome 2p25.3), a member of the

vertebrate C-type lectin superfamily, has been identified as a

PRR of the lectin complement pathway. An epidemiological
Frontiers in Cellular and Infection Microbiology 04
study in Nigeria showed that high CL-K1 serum levels were

associated with low risk of schistosome infection (Antony

et al., 2015).
NLR-dependent innate immune signaling

NLRs are major cytosolic PRRs, their involvement in the

orchestration of innate immunity and host defense against

pathogens often results in the cleavage of gasdermin and the

release of IL-1b and IL-18. Beyond the inflammasome

activation, they have also been involved in NF-kB and MAPK

activation (Babamale and Chen, 2021).

NLR can be activated by a wide variety of PAMPs and

danger-associated molecular patterns (DMPs), such as those of

helminth (Celias et al., 2020), extracellular ATP, b-amyloid

plaques, and uric acid crystals (Martinon et al., 2006; Kong

et al., 2018). After the activation, NLRs recruit apoptosis-

associated speck-like protein containing a caspase recruitment

domain (ASC) and procaspase-1, and then oligomerize with

them to form a functional inflammasome leading to the

activation of caspase-1, which is responsible for the

maturation of pro-inflammatory cytokines (Meng et al., 2016).

SEAs can also trigger the Dectin-2 receptor that couples with the

FcRg chain to activate the Syk kinase pathway, which controls

NLRP3 inflammasome activation and IL-1b release in reactive

oxygen species (ROS) and potassium efflux dependent manner

(Figure 2) (Ritter et al., 2010; Lu et al., 2017). A recent

investigation revealed that NF-kB signaling is required for

NLRP3 inflammasome activity (Zhang et al., 2019; Chen J

et al., 2021). As a transcription factor, NF-kB probably

mediates the transcription of pro-IL-1b and pro-IL-8, which

are necessary for NLRP3 inflammasome activity (Chen et al.,

2022). In addition to NLRP3 inflammasome, schistosome eggs

can induce NLRP6 inflammasome activation in DCs, which also

results in IL-1b production (Sanches et al., 2020). Most of the

investigations carried out on NLR and inflammasome in

schistosomiasis are focused on their role in an egg-induced

immunopathology. Since the eggs antigens do not reflect the

invading schistosome antigens, further investigation is still

needed to identify the migrating schistosomula PMPs that may

induce NLR inflammasome activation.

Recent works have revealed that the Cyclic GMP-AMP

synthase (cGAS) is involved in Schistosoma DNA recognition

and IFN-I production (Souza et al., 2020). When activated,

cGAS catalyzes the formation of a second messenger, cyclic

guanosine-adenosine monophosphate (cGAMP) which binds

and activates the downstream Stimulator of Interferon Genes

(STING) protein. STING then recruits Tank binding kinase 1

(TBK1) and activates the transcription factor interferon

regulatory factor 3 (IRF3), ultimately leading to the production

of IFN-I (Figure 1A) (Glück and Ablasser, 2019; Souza et al.,

2020; Liang and Shen, 2022).
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Innate immune responses to the
invading schistosome

The immediate pathogen response of innate immunity is

achieved through the host PRRs that are located either in the

cytosol or on multiple cellular surfaces, such as the plasma

membrane and endosomal membrane. Following PAMPs

recognition by PRRs, downstream signaling cascades including

adaptors, kinases and transcription factors are activated via

upstream signaling induction. These signaling pathways lead

to the expression of anti-pathogen genes including pro-

inflammatory cytokines, chemokines, and IFN-I to recruit

immune cells to infected sites (Mogensen, 2009). In

schistosomiasis, the host immune responses change

throughout infection, dictated both by developmental changes

in the parasite and tissue location. The intact adult worms are

impervious to immune attacks, whereas developing skin-stage

and lung-stage schistosomula are targets of protective immunity

(El Ridi et al., 2010; Colley and Secor, 2014).
Skin immune responses

In the skin, the cercariae induce the activation of

keratinocytes and the complement system which promote the

production of pro-inflammatory mediators including IL-1a, IL-
1b, IL-33, thymic stromal lymphopoietin (TSLP), and leucocyte

chemoattractant CCL20 (Hansell et al., 2008; Bourke et al.,

2015). The cercaria glycocalyx is the main structure inducing

the complement system activation and it is believed that its

retention increases complement attack and subsequent immune

responses (Da'dara and Krautz-Peterson, 2014). This
Frontiers in Cellular and Infection Microbiology 05
preliminary immune response is followed by the activation of

APCs and the migration of eosinophils, neutrophils and mast

cells to the infected sites, which in turn display a direct cytotoxic

effect or/and produce cytokines (Hogg et al., 2003; Kumkate

et al., 2007; Paveley et al., 2009; McWilliam et al., 2013).

However, the cytokines production profile differs according to

the parasite species and the hosts. In the semi-permissive host,

such as water buffalo, the skin immune response to S. japonicum

is predominantly marked by the overproduction of IFN-g, IL-4
and IL-10 (McWilliam et al., 2013). In human schistosomiasis, S.

mansoni and S. haematobium up-regulate IL-1ra, IL-10, and

TNF-a, whereas S. japonicum induces the up-regulation of

several cytokines, including IL-1b, IL-1ra, IL-2, IL-6, IL-8, IL-
10, IL-15, IL-18, and TNF-a (He et al., 2002; Winkel et al., 2018).

In addition, the investigation on blood immune response in co-

endemic areas for S. mansoni and S. haematobium revealed

that the co-infected individuals release higher levels of the IL-10

than single species infected individuals or uninfected

individuals (Turner et al., 2013; Meurs et al., 2014). However,

there is no significant difference between the co-infected

individuals and single species infected individuals in pro-

inflammatory cytokines (IL-8 and TNF-a) production (Turner

et al., 2013).

The skin physical barrier combined with effector molecule

and cellular immune responses can effectively kill a number of

invading Schistosoma larvae (Hogg et al., 2003; Freudenstein-

Dan et al., 2003), but the parasites have a range of mechanisms

to actively dampen the hosts immune response and promote

their own survival (Sombetzki et al., 2018). More substantive

data are available on the nature of schistosome molecules with

immunoregulatory functions (Klaver et al., 2015; Angeles et al.,

2020; Acharya et al., 2021).
FIGURE 2

Inflammasome pathway. Egg antigen triggers the Dectin-2 receptor that couples with the FcRg chain to activate the Syk kinase pathway, which
controls the ROS and potassium efflux dependent manner, NLR inflammasome activation and IL-1b release.
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Lung immune responses

In contrast to the skin stage parasite, lung schistosomula

elicit only a minimal inflammatory response. It is believed that

this reduced immunogenicity is due to the change in the protein

profile of the tegument, masking of parasite antigens via

absorption of host protein and rapid tegumental turnover

(Kusel et al., 2007; Burke et al., 2011). The host may also

regulate inflammatory response at the lung stage for its

survival because excessive inflammation can compromise

pulmonary function (Burke et al., 2011).

Relevant studies revealed that the lung stage larvae of S.

mansoni induced IL-4 production in rat (a semi-permissive

host), whereas failed to induce the production of this cytokine

in mice (a permissive host), suggesting that rat resistance to

schistosomiasis is associated with Th2 cytokines (Badr et al.,

2015). However, the lung stage larvae are able to induce Th1 and

Th17 immune responses in mice, which play an important role

in the parasite clearance (El Ridi et al., 2010). Another relevant

study inMicrotus fortis (a non-permissive host) revealed that the

levels of several cytokines including IL-1b, IL-3, IL-4, IL-10, and
IL-17 increased from the second to the third week post-infection

(Hu et al., 2017). IL-1b has been shown to increase the level of

plasma-free fatty acid and stimulate IL-1 and IL-12 mRNA

expression, resulting in the reduction of the worm burden in

BALB/c mice (El Ridi et al., 2006).

Lung immune responses to schistosomes involve nitric oxide

(NO), which is mainly produced by macrophages (Liu et al.,

2015; Shen and Lai, 2017). NOs toxicity is linked to its ability to

inhibit the parasite mitochondrial respiration (Shen and Lai,

2017). However, in avian schistosome infection (Trichobilharzia

regenti), it was found that NO did not directly kill the worm but

inhibited the activity of its cathepsins B1.1 and B2, the

peptidases essential for the parasite migration and digestion

(Macháček et al., 2016; Macháček et al., 2020).
Role of innate immune responses in
schistosomiasis pathology

The pathogenesis of schistosomiasis is associated with

inflammatory responses directed against the eggs trapped in

the host tissues (Liu et al., 2020). The eggs detection by the host

PRRs induces signaling cascades leading to several DMPs

generation and inflammation, which promotes the disease-

associated pathology. Host regulators of liver fibrosis during

human schistosomiasis have been reviewed previously

(Kamdem et al., 2018), in this section, we highlighted the

contribution of innate immune signaling in the disease-

associated pathology.

Hepatic stellate cells (HSCs) activation is vital for liver

fibrosis (Anthony et al., 2012). These cells can be activated by
Frontiers in Cellular and Infection Microbiology 06
TLR4 in a cyclooxygenase 2 (COX2) and PGE2 axis-dependent

manner during S. japonicum infection (Chen L et al., 2021).

When activated, HSCs transdifferentiate into alpha-smooth

muscle actin (a-SMA)-expressing myofibroblasts, which

proliferate and secrete inflammatory cytokines and produce

excessive extracellular matrix (ECM) resulting in liver fibrosis

(Anthony et al., 2012; Chen L et al., 2021). Moreover, egg-

induced TLR4 signaling promotes the expression of

transglutaminase 2 (TGM2), an enzyme involved in ECM

production (Wen et al., 2017). Although the mesenchymal

stem cell (MSC) is being used to treat different immune-

disturbance complications, current investigation revealed that

TLR4 combined with IFN-g can activate the MSC group with

positive effects on the pathology of schistosomiasis by

modulating Th subsets at some degree (Liu et al., 2020). In

intestinal schistosomiasis, the granuloma-related cytokines

production is mediated by TLR2 via the NF-kB pathway

(Ashour et al., 2015). Interestingly, relevant studies revealed

that the commensal bacteria can act as bystander activators of

the intestinal innate immune system to instigate Th1 responses,

suggesting the role of host microbiota in innate immune

regulation (Holzscheiter et al., 2014).

The CLR CD209a has been shown to mediate IL-23 and IL-

1b production in DCs, which drives Th17 dependent pathology

in chronic schistosomiasis (Ponichtera et al., 2014; Ponichtera

and Stadecker, 2015; Ponichtera and Stadecker, 2015). Similarly,

both Dectin-2 and Mincle can induce IL-23 and IL-1b
production in DCs via FcRg-Syk signaling pathway, suggesting

that DC-driven Th17 pathology involves multiple CLRs

(Kalantari et al., 2018; Kalantari et al., 2019).

The role of NLRP3 inflammasome in Schistosoma egg-

induced pathology has been extensively studied (Meng et al.,

2016; Zhang et al., 2019). NLRP3 inflammasome mediates the

conversion of IL-1b and IL-18 to their active form in response to

pathogen infection. IL-1b and IL-18 influence adaptive

immunity through modulation of Th cell subsets, skewing

development in favor of Th1 and Th17 cells that are

important in the pathogenesis. The in vivo experiment

revealed that NLRP3 deficient mice infected with S. mansoni

showed altered adaptive immune responses and decreased liver

pathology (Ritter et al., 2010). In addition to inflammasome

activation, SEAs can induce the production of TNF-a and TGF-

b in Kupffer cells (KCs), these factors in turn promote ECM

synthesis and liver pathology (Bieghs and Trautwein, 2013).

Moreover , the TGF-b plays an important role in

schistosomiasis-associated pulmonary arterial hypertension

(PAH) (Kumar et al., 2015; Kumar et al., 2017). Kumar et al.

reported that the type-2 inflammation driven by IL-4 and IL-13

promotes the TGF-b-induced PAH in murine schistosomiasis

(Kumar et al., 2015; Kumar et al., 2019). Furthermore, the

protein thrombospondin-1 (TSP-1) contributes to PAH via

TGF-bpathway, and it has been demonstrated that the TSP-1
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blockade can protect mice from Schistosoma-PAH (Kumar

et al., 2017).

Current study revealed that S. japonicum egg antigens-

induced ROS production in macrophages enhances

macrophage polarization towards M2, which plays a critical

role in liver pathology progression (Kamdem et al., 2018; Yu

et al., 2021). In addition, the CCAAT/enhancer-binding

homologous protein (CHOP), a transcriptional regulator

induced by endoplasmic reticulum stress (ER stress), is also

involved in M2-mediated pathology. A correlation between

CHOP expression, STAT6 pathway activation and liver

fibrosis has been observed in S. japonicum infected mice

(Duan et al., 2019). Moreover, the interaction of S. japonicum

SjE16.7 protein with the receptors for advanced glycation end

products (RAGE) has been shown to promote colorectal cancer

progression in NF-kB and ROS-dependent manner.

Although miRNAs are not widely studied for therapeutic use

in pathogenic infection, there is an increasing understanding of

their role in liver fibrosis regulation. The miRNAs improve

fibrosis lesions by inhibiting the activation and proliferation of

HSCs through the TGF-b. To date, several miRNAs exhibiting

anti-fibrosis function in murine schistosomiasis have been

characterized. Lentivirus-induced miRNAs (Let-7b) expression

in mice alleviated liver fibrosis through the downregulation of

TGF-b receptor I (TbRI) and the inhibition of Th1 and Th2

immune response (Tang et al., 2017). In addition, both miR-

130a-3p and miR-200a can inhibit TGF-b dependent HSCs

activation (Wang et al., 2017; Xu et al., 2021; Liu et al., 2021).

Moreover, the mmu-miR-92a-2-5p has been shown to relieve

liver fibrosis by regulating TLR2 signaling pathway (Zhao et al.,

2019). In contrast to host miRNAs, the worms miRNAs promote

liver fibrosis by inducing the expression of pro-inflammatory

mediators during the chronic phase of infection (He et al., 2020;

Wang et al., 2020).
Harnessing innate immune signaling
in vaccine research and
schistosomiasis treatment

Recently, immunotherapies that can either activate or suppress

innate immune responses are being investigated as treatment targets

against schistosomiasis and the pathology they can cause. Current

investigation revealed that PZQ plays an anti-splenomegaly role in

chronic schistosomiasis by inhibiting the NLRP3 inflammasome

activation in macrophages (Kong et al., 2018). In addition, PZQ has

been shown to attenuate liver fibrosis by inhibiting the activation of

HSCs and expression of collagen matrix in murine schistosomiasis

(Liang et al., 2011; Liu J et al., 2019). However, in our opinion, the

long-term complications of schistosomiasis in the individuals who

recovered after PZQ treatment have not yet been clear and need

more further investigations. Some therapeutic drugs such as
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boswellic acid-containing extract and genistein alleviate liver

granuloma and fibrosis by regulating NF-kB signaling (Liu et al.,

2014; Wan et al., 2017), and others, such as paeoniflorin by the

inhibition of alternative macrophage activation via reducing the

phosphorylation of JAK2 and STAT6 (Chu et al., 2011). Moreover,

it has been reported that taurine exhibits anti-fibrotic function by

inhibiting the thioredoxin-interacting protein (TXNIP)/NLRP3

inflammasome activities (Yu et al., 2016; Liu X et al., 2019).

With regard to vaccine development, some TLR agonists are

under investigation for use as adjuvants to increase the

effectiveness of the schistosomiasis vaccine. The glucopyranosyl

lipid A (GLA) formulated in aluminum (GLA-Alum), a TLR4

ligand, combined with sm-p80 vaccine could induce balanced Th

(Th1, Th2 and Th17) immune responses and significant sm-p80-

specific antibodies production in vaccinated animals but did not

maximize the immunogenicity and efficacity of the vaccine as

expected (Zhang et al., 2018). Investigation on the ligands of

TLR7/8 (R848) and TLR9 (CpG oligonucleotide) revealed that

both of them block Treg immunosuppressive function and

upregulate the production of TNF-a, IFN-g, and several

interleukins in vitro (Lu et al., 2013; Wang et al., 2013).

Interestingly, in vivo experiment revealed that the combination

of R848 and CpG with the DNA vaccine 26-kDa glutathione S-

transferase of S. japonicum (pVAX1-Sj26GST) induces a

significant protective immunity in animal model, suggesting

that the combination of multiple TLR ligands may be targeted

as a promising new approach for the design of Schistosoma

vaccines (Wang et al., 2012; Wang et al., 2013).
Challenges and perspectives for
further research

Although numerous studies have been conducted to

determine the role of the innate immunity in host-parasite

interaction, its molecular mechanisms in schistosomiasis are

not yet fully understood. This review provides an updated

overview of the PRRs biology and innate immune signaling

pathways. These innate immune receptors and their regulators-

based intervention are potential targets to develop effective

vaccine or inhibit the progression of chronic schistosomiasis.

However, challenges remain in understanding of how do

different activation pathways of PRRs converge or diverge, and

how different innate immune signaling pathways are regulated at

the molecular level. Priorities for further research include

elucidating the signaling mechanisms involved in innate

recognition of schistosomes and characterizing the active

PAMPs from invading parasites that may successfully initiate

innate immune responses and inflammatory signaling pathways.

More efforts are also needed to clarify the immunomodulatory

mechanisms of the TLRs agonists. Research on RNA sequencing

and cytokines could also facilitate related studies.
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(2016). Nitric oxide and cytokine production by glial cells exposed in vitro to
neuropathogenic schistosome trichobilharzia regenti. Parasit. Vectors 9 (1), 579.
doi: 10.1186/s13071-016-1869-7
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Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006). Gout-
associated uric acid crystals activate the NALP3 inflammasome. Nature 440 (7081),
237241. doi: 10.1038/nature04516

McManus, D. P., Bergquist, R., Cai, P., Ranasinghe, S., Tebeje, B. M., You, H.,
et al. (2020). Schistosomiasis-from immunopathology to vaccines. Semin.
Immunopathol. 42 (3), 355371. doi: 10.1007/s00281-020-00789-x

McWilliam, H. E., Piedrafita, D., Li, Y., Zheng, M., He, Y., Yu, X., et al. (2013).
Local immune responses of the Chinese water buffalo, bubalus bubalis, against
schistosoma japonicum larvae: crucial insights for vaccine design. PloS Negl. Trop.
Dis. 7 (9), e2460. doi: 10.1371/journal.pntd.0002460

Meevissen, M. H., Driessen, N. N., Smits, H. H., Versteegh, R., van Vliet, S. J.,
van Kooyk, Y., et al. (2012). Specific glycan elements determine differential binding
of individual egg glycoproteins of the human parasite schistosoma mansoni by host
c-type lectin receptors. Int. J. Parasitol. 42 (3), 269277. doi: 10.1016/
j.ijpara.2012.01.004

Meng, N., Xia, M., Lu, Y. Q., Wang, M., Boini, K. M., Li, P. L., et al. (2016).
Activation of NLRP3 inflammasomes in mouse hepatic stellate cells during
schistosoma j. infection. Oncotarget 7 (26), 3931639331. doi: 10.18632/
oncotarget.10044

Meurs, L., Mbow, M., Boon, N., Vereecken, K., Amoah, A. S., Labuda, L. A., et al.
(2014). Cytokine responses to schistosoma mansoni and schistosoma
haematobium in relation to infection in a co-endemic focus in northern Senegal.
PloS Negl. Trop. Dis. 8 (8), e3080. doi: 10.1371/journal.pntd.0003080

Meyer, S., Tefsen, B., Imberty, A., Geyer, R., and van Die, I. (2007). The c-type
lectin l-SIGN differentially recognizes glycan antigens on egg glycosphingolipids
and soluble egg glycoproteins from schistosoma mansoni. Glycobiology 17 (10),
11041119. doi: 10.1093/glycob/cwm073

Mogensen, T. H. (2009). Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin. Microbiol. Rev. 22 (2), 240273. doi: 10.1128/
CMR.00046-08

Molehin, A. J. (2020). Schistosomiasis vaccine development: update on human
clinical trials. J. BioMed. Sci. 27 (1), 28. doi: 10.1186/s12929-020-0621-y

Mountford, A. P., and Trottein, F. (2004). Schistosomes in the skin: a balance
between immune priming and regulation. Trends Parasitol. 20 (5), 221226. doi:
10.1016/j.pt.2004.03.003

Nelwan, M. L. (2019). Schistosomiasis: Life cycle, diagnosis, and control. Curr.
Ther. Res. Clin. Exp. 91, 59. doi: 10.1016/j.curtheres.2019.06.001

Nyame, A.K., Lewis, F. A., Doughty, B. L., Correa-Oliveira, R., andCummings, R. D.
(2003). Immunity to schistosomiasis: glycans are potential antigenic targets for immune
intervention. Exp. Parasitol. 104 (1-2), 113. doi: 10.1016/S0014-4894(03)00110-3

Onasanya, A., Bengtson, M., Oladepo, O., Van Engelen, J., and Diehl, J. C.
(2021). Rethinking the top-down approach to schistosomiasis control and
elimination in Sub-Saharan Africa. Front. Public Health 9, 622809. doi: 10.3389/
fpubh.2021.622809

Paveley, R. A., Aynsley, S. A., Cook, P. C., Turner, J. D., and Mountford, A. P.
(2009). Fluorescent imaging of antigen released by a skin-invading helminth
reveals differential uptake and activation profiles by antigen presenting cells. PloS
Negl. Trop. Dis. 3 (10), e528. doi: 10.1371/journal.pntd.0000528
Frontiers in Cellular and Infection Microbiology 10
Paveley, R. A., Aynsley, S. A., Turner, J. D., Bourke, C. D., Jenkins, S. J., Cook, P.
C., et al. (2011). The mannose receptor (CD206) is an important pattern
recognition receptor (PRR) in the detection of the infective stage of the helminth
schistosoma mansoni and modulates IFNg production. Int. J. Parasitol. 41 (13-14),
13351345. doi: 10.1016/j.ijpara.2011.08.005

Pham, J., Hernandez, A., Cioce, A., Achilli, S., Goti, G., Vivès, C., et al. (2020).
Chemo-enzymatic synthesis of s. mansoni O-glycans and their evaluation as
ligands for c-type lectin receptors MGL, DC-SIGN, and DC-SIGNR. Chemistry
26 (56), 1281812830. doi: 10.1002/chem.202000291

Ponichtera, H. E., Shainheit, M. G., Liu, B. C., Raychowdhury, R., Larkin, B. M.,
Russo, J. M., et al. (2014). CD209a expression on dendritic cells is critical for the
development of pathogenic Th17 cell responses in murine schistosomiasis. J.
Immunol. 192 (10), 46554665. doi: 10.4049/jimmunol.1400121

Ponichtera, H. E., and Stadecker, M. J. (2015). Dendritic cell expression of the c-
type lectin receptor CD209a: A novel innate parasite-sensing mechanism inducing
Th17 cells that drive severe immunopathology in murine schistosome infection.
Exp. Parasitol. 158, 4247. doi: 10.1016/j.exppara.2015.04.006

Qu, J., Li, L., Xie, H., Zhang, X., Yang, Q., Qiu, H., et al. (2018). TLR3 modulates
the response of NK cells against. Schistosoma japonicum. J. Immunol. Res. 2018,
7519856. doi: 10.1155/2018/7519856

Ramos, C. R., Spisni, A., Oyama, S.Jr, Sforça, M. L., Ramos, H. R., Vilar, M. M.,
et al. (2009). Stability improvement of the fatty acid binding protein Sm14 from s.
mansoni by cys replacement: structural and functional characterization of a vaccine
candidate. Biochim. Biophys. Acta 1794 (4), 655662. doi: 10.1016/
j.bbapap.2008.12.010

Ricciardi, A., Zelt, N. H., Visitsunthorn, K., Dalton, J. P., and Ndao, M.. (2018).
Immune mechanisms involved in schistosoma mansoni-cathepsin b vaccine
induced protection in mice. Front. Immunol. 9, 1710. doi: 10.3389/
fimmu.2018.01710

Ritter, M., Gross, O., Kays, S., Ruland, J., Nimmerjahn, F., Saijo, S., et al. (2010).
Schistosoma mansoni triggers dectin-2, which activates the Nlrp3 inflammasome
and alters adaptive immune responses. Proc. Natl. Acad. Sci. U.S.A. 107 (47),
2045920464. doi: 10.1073/pnas.1010337107

Riveau, G., Schacht, A. M., Dompnier, J. P., Deplanque, D., Seck, M., Waucquier,
N., et al. (2018). Safety and efficacy of the rSh28GST urinary schistosomiasis
vaccine: A phase 3 randomized, controlled trial in Senegalese children. PLoS Negl.
Trop. Dis. 12, 12. doi: 10.1371/journal.pntd.0006968

Sanches, R. C. O., Souza, C., Marinho, F. V., Mambelli, F. S., Morais, S. B.,
Guimarães, E. S., et al. (2020). NLRP6 plays an important role in early hepatic
immunopathology caused by schistosoma mansoni infection. Front. Immunol. 11,
795. doi: 10.3389/fimmu.2020.00795

Saunders, S. P., Walsh, C. M., Barlow, J. L., Mangan, N. E., Taylor, P. R.,
McKenzie, A. N., et al. (2009). The c-type lectin SIGNR1 binds schistosoma
mansoni antigens in vitro, but SIGNR1-deficient mice have normal responses
during schistosome infection. Infect. Immun. 77 (1), 399404. doi: 10.1128/
IAI.00762-08

Shen, J., and Lai, D. H. (2017). Nitric oxide blocks the development of the
human parasite schistosoma japonicum. Proc Natl Acad Sci U. S. A. 114 (38),
1021410219. doi: 10.1073/pnas.1708578114

Sheppe, A. E. F., and Edelmann, M. J. (2021). Roles of eicosanoids in regulating
inflammation and neutrophil migration as an innate host response to bacterial
infections. Infect. Immun. 89 (8), e0009521. doi: 10.1128/IAI.00095-21

Sombetzki, M., Koslowski, N., Rabes, A., Seneberg, S., Winkelmann, F.,
Fritzsche, C., et al. (2018). Host defense versus immunosuppression: Unisexual
infection with Male or female schistosoma mansoni differentially impacts the
immune response against invading cercariae. Front. Immunol. 9, 861. doi: 10.3389/
fimmu.2018.00861

Souza, C., Sanches, R. C.O., Assis, N. R.G., Marinho, F. V., Mambelli, F. S.,
Morais, S. B., et al. (2020). The role of the adaptor molecule STING during
schistosoma mansoni infection. Sci. Rep. 10 (1), 7901. doi: 10.1038/s41598-020-
64788-6

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and
inflammation. Cell 140 (6), 805820. doi: 10.1016/j.cell.2010.01.022

Tallima, H., Dalton, J. P., and El Ridi, R. (2015). Induction of protective immune
responses against schistosomiasis haematobium in hamsters and mice using
cysteine peptidase-based vaccine. Front. Immunol. 6, 130. doi: 10.3389/
fimmu.2015.00130

Tang, N., Wu, Y., Cao, W., Liang, Y., Gao, Y., Hu, L., et al. (2017). Lentivirus-
mediated over-expression of let-7b microRNA suppresses hepatic fibrosis in the
mouse infected with schistosoma japonicum. Exp. Parasitol. 182, 4553. doi:
10.1016/j.exppara.2017.09.024

Tang, Y., Shen, Y., Hong, Y., Zhang, Z., Zhai, Q., Fu, Z., et al. (2021). miR-181a
regulates the host immune response against schistosoma japonicum infection
through the TLR4 receptor pathway. Parasit. Vectors 14 (1), 548. doi: 10.1186/
s13071-021-05063-z
frontiersin.org

https://doi.org/10.1371/journal.ppat.1007817
https://doi.org/10.3892/br.2013.99
https://doi.org/10.1038/s41598-017-08689-1
https://doi.org/10.1186/s13071-016-1869-7
https://doi.org/10.1186/s13071-020-04279-9
https://doi.org/10.1086/656477
https://doi.org/10.3389/fimmu.2018.03161
https://doi.org/10.1038/nature04516
https://doi.org/10.1007/s00281-020-00789-x
https://doi.org/10.1371/journal.pntd.0002460
https://doi.org/10.1016/j.ijpara.2012.01.004
https://doi.org/10.1016/j.ijpara.2012.01.004
https://doi.org/10.18632/oncotarget.10044
https://doi.org/10.18632/oncotarget.10044
https://doi.org/10.1371/journal.pntd.0003080
https://doi.org/10.1093/glycob/cwm073
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1186/s12929-020-0621-y
https://doi.org/10.1016/j.pt.2004.03.003
https://doi.org/10.1016/j.curtheres.2019.06.001
https://doi.org/10.1016/S0014-4894(03)00110-3
https://doi.org/10.3389/fpubh.2021.622809
https://doi.org/10.3389/fpubh.2021.622809
https://doi.org/10.1371/journal.pntd.0000528
https://doi.org/10.1016/j.ijpara.2011.08.005
https://doi.org/10.1002/chem.202000291
https://doi.org/10.4049/jimmunol.1400121
https://doi.org/10.1016/j.exppara.2015.04.006
https://doi.org/10.1155/2018/7519856
https://doi.org/10.1016/j.bbapap.2008.12.010
https://doi.org/10.1016/j.bbapap.2008.12.010
https://doi.org/10.3389/fimmu.2018.01710
https://doi.org/10.3389/fimmu.2018.01710
https://doi.org/10.1073/pnas.1010337107
https://doi.org/10.1371/journal.pntd.0006968
https://doi.org/10.3389/fimmu.2020.00795
https://doi.org/10.1128/IAI.00762-08
https://doi.org/10.1128/IAI.00762-08
https://doi.org/10.1073/pnas.1708578114
https://doi.org/10.1128/IAI.00095-21
https://doi.org/10.3389/fimmu.2018.00861
https://doi.org/10.3389/fimmu.2018.00861
https://doi.org/10.1038/s41598-020-64788-6
https://doi.org/10.1038/s41598-020-64788-6
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3389/fimmu.2015.00130
https://doi.org/10.3389/fimmu.2015.00130
https://doi.org/10.1016/j.exppara.2017.09.024
https://doi.org/10.1186/s13071-021-05063-z
https://doi.org/10.1186/s13071-021-05063-z
https://doi.org/10.3389/fcimb.2022.1040270
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Dibo et al. 10.3389/fcimb.2022.1040270
Teixeira de Melo, T., Araujo, J. M., Campos de Sena, I., Carvalho Alves, C.,
Araujo, N., Toscano Fonseca, C., et al. (2013). Evaluation of the protective immune
response induced in mice by immunization with schistosoma mansoni
schistosomula tegument (Smteg) in association with CpG-ODN. Microbes Infect.
15 (1), 2836. doi: 10.1016/j.micinf.2012.10.007

Thomas, P. G., Carter, M. R., Atochina, O., Da'Dara, A. A., Piskorska, D.,
McGuire, E., et al. (2003). Maturation of dendritic cell 2 phenotype by a helminth
glycan uses a toll-like receptor 4-dependent mechanism. J. Immunol. 171 (11),
58375841. doi: 10.4049/jimmunol.171.11.5837

Thomas, P. G., Carter, M. R., Da'dara, A. A., DeSimone, T. M., and Harn, D. A.
(2005). A helminth glycan induces APC maturation via alternative NF-kappa b
activation independent of I kappa b alpha degradation. J. Immunol. 175 (4),
20822090. doi: 10.4049/jimmunol.175.4.2082

Trottein, F., Pavelka, N., Vizzardelli, C., Angeli, V., Zouain, C. S., Pelizzola, M.,
et al. (2004). A type I IFN-dependent pathway induced by schistosoma mansoni
eggs in mouse myeloid dendritic cells generates an inflammatory signature. J.
Immunol. 172 (5), 30113017. doi: 10.4049/jimmunol.172.5.3011

Turner, J. D., Meurs, L., Dool, P., Bourke, C. D., Mbow, M., Dièye, T. N., et al.
(2013). Schistosome infection is associated with enhanced whole-blood IL-10
secretion in response to cercarial excretory/secretory products. Parasit. Immunol.
35 (5-6), 147156. doi: 10.1111/pim.12028

van Die, I., van Vliet, S. J., Nyame, A. K., Cummings, R. D., Bank, C. M.,
Appelmelk, B, et al. (2003). The dendritic cell-specific c-type lectin DC-SIGN is a
receptor for schistosoma mansoni egg antigens and recognizes the glycan antigen
Lewis x. Glycobiology 13 (6), 471478. doi: 10.1093/glycob/cwg052

van Riet, E., Everts, B., Retra, K., Phylipsen, M., van Hellemond, J. J., Tielens, A.
G., et al. (2009). Combined TLR2 and TLR4 ligation in the context of bacterial or
helminth extracts in human monocyte derived dendritic cells: molecular correlates
for Th1/Th2 polarization. BMC Immunol. 10, 9. doi: 10.1186/1471-2172-10-9

van Stijn, C.M.,Meyer, S., van den Broek,M., Bruijns, S. C., van Kooyk, Y., Geyer,
R., et al. (2010). Schistosoma mansoni worm glycolipids induce an inflammatory
phenotype in human dendritic cells by cooperation of TLR4 and DC-SIGN. Mol.
Immunol. 47 (7-8), 15441552. doi: 10.1016/j.molimm.2010.01.014

van Vliet, S. J., van Liempt, E., Saeland, E., Aarnoudse, C. A., Appelmelk, B.,
Irimura, T., et al. (2005). Carbohydrate profiling reveals a distinctive role for the c-
type lectin MGL in the recognition of helminth parasites and tumor antigens by
dendritic cells. Int. Immunol. 17 (5), 661669. doi: 10.1093/intimm/dxh246

Vázquez-Mendoza, A., Carrero, J. C., and Rodriguez-Sosa, M. (2013). Parasitic
infections: A role for c-type lectins receptors. BioMed. Res. Int. 2013, 456352. doi:
10.1155/2013/456352

Venugopal, P. G., Nutman, T. B., and Semnani, R. T. (2009). Activation and
regulation of toll-like receptors (TLRs) by helminth parasites. Immunol. Res. 43 (1-
3), 252263. doi: 10.1007/s12026-008-8079-0

Wan, C., Jin, F., Du, Y., Yang, K., Yao, L., Mei, Z., et al. (2017). Genistein
improves schistosomiasis liver granuloma and fibrosis via dampening NF-kB
signaling in mice. Parasitol. Res. 116 (4), 11651174. doi: 10.1007/s00436-017-
5392-3

Wang, X., Liu, F., Zhou, S., Xu, Z., Hoellwarth, J., Chen, X., et al. (2012). Partial
regulatory T cell depletion prior to schistosomiasis vaccination does not enhance
the protection. PloS One 7 (7), e40359. doi: 10.1371/journal.pone.0040359

Wang, X., Dong, L., Ni, H., Zhou, S., Xu, Z., Hoellwarth, J. S., et al. (2013).
Combined TLR7/8 and TLR9 ligands potentiate the activity of a schistosoma
japonicum DNA vaccine. PloS Negl. Trop. Dis. 7 (4), e2164. doi: 10.1371/
journal.pntd.0002164
Frontiers in Cellular and Infection Microbiology 11
Wang, Y., Du, J., Niu, X., Fu, N., Wang, R., Zhang, Y., et al. (2017). MiR-130a-3p
attenuates activation and induces apoptosis of hepatic stellate cells in nonalcoholic
fibrosing steatohepatitis by directly targeting TGFBR1 and TGFBR2. Cell Death
Dis. 8 (5), e2792. doi: 10.1038/cddis.2017.10

Wang, Y., Fan, X., Lei, N., He, X., Wang, X., Luo, X., et al. (2020). A MicroRNA
derived from schistosoma japonicum promotes schistosomiasis hepatic fibrosis by
targeting host secreted frizzled-related protein 1. Front. Cell Infect. Microbiol. 10,
101. doi: 10.3389/fcimb.2020.00101

Wang, B., Tian, Y., and Yin, Q. (2019). AIM2 inflammasome assembly and
signaling. Adv. Exp. Med. Biol. 1172, 143155. doi: 10.1007/978-981-13-9367-9_7

Wen, Z., Ji, X., Tang, J., Lin, G., Xiao, L., Liang, C., et al. (2017). Positive feedback
regulation between transglutaminase 2 and toll-like receptor 4 signaling in hepatic
stellate cells correlates with liver fibrosis post schistosoma japonicum infection.
Front. Immunol. 8, 1808. doi: 10.3389/fimmu.2017.01808

Wiegand, R. E., Secor, W. E., Fleming, F. M., French, M. D., King, C. H.,
Montgomery, S. P., et al. (2021). Control and elimination of schistosomiasis as a
public health problem: Thresholds fail to differentiate schistosomiasis morbidity
prevalence in children. Open Forum Infect. Dis. 8 (7), ofab179. doi: 10.1093/ofid/
ofab179

Winkel, B. M. F., Dalenberg, M. R., de Korne, C. M., Feijt, C., Langenberg, M.
C.C., Pelgrom, L., et al. (2018). Early induction of human regulatory dermal antigen
presenting cells by skin-penetrating schistosoma mansoni cercariae. Front.
Immunol. 9, 2510. doi: 10.3389/fimmu.2018.02510

Xu, J., Zhang, H., Chen, L., Zhang, D., Ji, M., Wu, H., et al. (2014). Schistosoma
japonicum infection induces macrophage polarization. J. BioMed. Res. 28 (4),
299308. doi: 10.7555/JBR.27.20130072

Xu, A., Zhong, G., Wang, J., Liu, C., Liu, Y., Wang, W., et al. (2021). MicroRNA
200a inhibits liver fibrosis of schistosoma. Bioengineered 12 (1), 47364746. doi:
10.1080/21655979.2021.1950441

You, H., Harvie, M., Du, X., Rivera, V., Zhang, P., McManus, D. P., et al. (2018).
Protective immune responses generated in a murine model following
immunization with recombinant schistosoma japonicum insulin receptor. Int. J.
Mol. Sci. 19 (10), 3088. doi: 10.3390/ijms19103088

Yu, Y. R., Ni, X. Q., Huang, J., Zhu, Y. H., and Qi, Y. F. (2016). Taurine drinking
ameliorates hepatic granuloma and fibrosis in mice infected with schistosoma
japonicum. Int. J. Parasitol. Drugs Drug Resist. 6 (1), 3543. doi: 10.1016/
j.ijpddr.2016.01.003

Yu, Y., Wang, J., Wang, X., Gu, P., Lei, Z., Tang, R., et al. (2021). Schistosome
eggs stimulate reactive oxygen species production to enhance M2 macrophage
differentiation and promote hepatic pathology in schistosomiasis. PLoS Negl. Trop.
Dis. 15, 8. doi: 10.1371/journal.pntd.0009696

Zhang, W., Ahmad, G., Molehin, A. J., Torben, W., Le, L., Kim, E., et al. (2018).
Schistosoma mansoni antigen Sm-p80: prophylactic efficacy using TLR4 agonist
vaccine adjuvant glucopyranosyl lipid a-alum in murine and non-human primate
models. J. Investig. Med. 66 (8), 11241132. doi: 10.1136/jim-2018-000786

Zhang,W. J., Fang, Z.M., and Liu,W.Q. (2019).NLRP3 inflammasome activation
fromkupffer cells is involved in liver fibrosis of schistosoma japonicum-infectedmice
via NF-kB. Parasit. Vectors 12 (1), 29. doi: 10.1186/s13071-018-3223-8

Zhao, Y., Dang, Z., and Chong, S. (2019). Mmu-miR-92a-2-5p targets TLR2 to
relieve schistosoma japonicum-induced liver fibrosis. Int. Immunopharmacol. 69,
126135. doi: 10.1016/j.intimp.2019.01.007

Zhu, L., Fang, Z. M., and Liu, W. Q. (2016). Molecular characterization of s.
japonicum exosome-like vesicles reveals their regulatory roles in parasite-host
interactions. Sci. Rep. 6, 25885. doi: 10.1038/srep25885
frontiersin.org

https://doi.org/10.1016/j.micinf.2012.10.007
https://doi.org/10.4049/jimmunol.171.11.5837
https://doi.org/10.4049/jimmunol.175.4.2082
https://doi.org/10.4049/jimmunol.172.5.3011
https://doi.org/10.1111/pim.12028
https://doi.org/10.1093/glycob/cwg052
https://doi.org/10.1186/1471-2172-10-9
https://doi.org/10.1016/j.molimm.2010.01.014
https://doi.org/10.1093/intimm/dxh246
https://doi.org/10.1155/2013/456352
https://doi.org/10.1007/s12026-008-8079-0
https://doi.org/10.1007/s00436-017-5392-3
https://doi.org/10.1007/s00436-017-5392-3
https://doi.org/10.1371/journal.pone.0040359
https://doi.org/10.1371/journal.pntd.0002164
https://doi.org/10.1371/journal.pntd.0002164
https://doi.org/10.1038/cddis.2017.10
https://doi.org/10.3389/fcimb.2020.00101
https://doi.org/10.1007/978-981-13-9367-9_7
https://doi.org/10.3389/fimmu.2017.01808
https://doi.org/10.1093/ofid/ofab179
https://doi.org/10.1093/ofid/ofab179
https://doi.org/10.3389/fimmu.2018.02510
https://doi.org/10.7555/JBR.27.20130072
https://doi.org/10.1080/21655979.2021.1950441
https://doi.org/10.3390/ijms19103088
https://doi.org/10.1016/j.ijpddr.2016.01.003
https://doi.org/10.1016/j.ijpddr.2016.01.003
https://doi.org/10.1371/journal.pntd.0009696
https://doi.org/10.1136/jim-2018-000786
https://doi.org/10.1186/s13071-018-3223-8
https://doi.org/10.1016/j.intimp.2019.01.007
https://doi.org/10.1038/srep25885
https://doi.org/10.3389/fcimb.2022.1040270
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Pattern recognition receptor signaling and innate immune responses to schistosome infection
	Introduction
	Schistosome recognition by innate immune cells and signaling pathways
	TLR-dependent innate immune signaling
	CLR-dependent innate immune signaling
	NLR-dependent innate immune signaling

	Innate immune responses to the invading schistosome
	Skin immune responses
	Lung immune responses

	Role of innate immune responses in schistosomiasis pathology
	Harnessing innate immune signaling in vaccine research and schistosomiasis treatment
	Challenges and perspectives for further research
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


