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Highlights 
 
• Helminth parasites release a spectrum of mediators to dampen host immunity 
• Secreted proteins can act on host receptors and intracellular signalling 
• Parasites also produce exosome-like extracellular vesicles containing microRNAs 
• Exosomes can enter host cells and modulate host gene expression 
• Extracellular vesicles may be a more general mode of host-parasite interaction 
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Abstract 

Helminths are metazoan organisms many of which have evolved parasitic life styles 

dependent on sophisticated manipulation of the host environment. Most notably, 

they down-regulate host immune responses to ensure their own survival, by 

exporting a range of immuno-modulatory mediators that interact with host cells and 

tissues. While a number of secreted immunoregulatory parasite proteins have been 

defined, new work also points to the release of extracellular vesicles, or exosomes, 

that interact with and manipulate host gene expression. These recent results are 

discussed in the overall context of how helminths communicate effectively with the 

host organism. 

Introduction 

Helminth parasites generally establish long-term infections in their host, reflecting 

their ability to drive a new physiological and immunological homeostasis that best 

accomodates the invader (1).  Over eons of evolutionary time, parasites have 

developed a remarkable suite of finely-tuned molecular adaptations that manipulate, 

inhibit or activate different host cells or pathways in order to maximise parasite 

success (2, 3). In this review, we discuss some of the more recent and exciting 

developments that shed light on the molecular pathways of host-parasite 

communication. 

Helminths are parasitic worms belonging to the lower invertebrate phyla of 

nematodes (roundworms) and platyhelminths (flatworms).  A wide variety of 

helminth species are able colonise an extraordinary array of niches and host 

organisms, in each case circumventing host defence and expulsion mechanisms. 

Interestingly, the strategy of helminths is not to outpace the immune system through 

rapid multiplication or antigenic variation, but to manipulate and modulate immunity 

in order to defuse immune defences, meaning the host fails to eliminate the parasites 

(4). Helminths essentially take hold by stealth, first inactivating host detection 

systems that would otherwise raise the alarm, and then effectively tolerizing the 
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immune system to parasite antigens, and in doing so, also dampening responses to 

bystander antigens in allergy or autoimmunity (5). 

The softly-softly strategy of helminths has implications for how they communicate 

with their hosts and the immune system of their host, suggesting that there must be a 

continual dialogue to maintain the state of tolerance.  Because infection comprises 

relatively stable populations of long-lived parasites, it is logical to deduce that the 

dialogue is conducted by products continuously released from live parasites that 

address different specific components of the immune system (2). This notion is 

supported by observations that most of the immunomodulatory effects of helminth 

infections are reversed following drug-mediated parasite clearance (6-8). 

Correspondingly, much attention has been paid to the “excretory-secretory” (ES) 

antigens of helminths, a pragmatic approach to collect mixtures of released proteins 

that dates back over 60 years (9). Much more recently, of course, the application of 

genomics, transcriptomics and mass spectrometry has transformed our 

understanding of these complex and heterogeneous preparations by defining the 

individual molecular components that parasites release to modify their environment 

(2). As discussed below, these products are not only proteins, but also include glycans, 

lipids and nucleic acids, in particular miRNAs, as well as small molecules and 

metabolites, and are released in a variety of “packages” including lipid vesicles. 

Host Recognition of Parasites 

The first encounter between parasite and host generally entails breaching of a barrier 

surface (such as skin or intestinal epithelium) that provokes release of ‘alarmins’ (10) 

and recognition of the invader by pattern recognition receptors (PRRs) such as the 

Toll-like receptors (TLRs) that drive inflammatory cytokine production. Alarmins, 

closely associated with helminth-mediated tissue damage, include IL-33 and TSLP (11, 

12), which both promote a Type 2 pro-allergic and anti-helminth mode of immune 

response. However, helminths can partially or entirely circumvent this threat (Figure 

1); for example, the response of dendritic cells (DCs) to TLR ligation is effectively 

negated by products from Nippostrongylus brasiliensis and other helminths, with IL-
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12 production being especially inhibited (13-17) while epithelial cell release of IL-33 is 

directly blocked by products released by Heligmosmoides polygyrus (18).   As 

discussed in the following section, some of the molecular mediators responsible for 

blocking innate activation are now being defined.  

The archetypal PRRs react to microbial products such as LPS and lipoteichoic acid by 

triggering production of pro-inflammatory cytokines, such as IL-12, that drive the Th1 

response. The consistent ability of varied helminth products to suppress IL-12 release 

following TLR stimulation may be a mechanism aimed not so much at blocking anti-

parasite immunity, but at avoiding collateral inflammation at barrier sites where, for 

example, bacterial translocation could accompany helminth invasion. Whilst the 

central role of TLRs in pathogen pattern recognition by the host is now well 

understood, it is surprising that no parallel recognition system has yet been defined 

for Th2-inducing organisms such as helminths, although a few TLR ligands from 

helminths have been described, including from S. mansoni both the lyso-

phosphatidylserine glycolipid (19)  and RNA activating TLR3 (20), and other receptor 

systems such as the C-type lectin receptors (CLRs) may fulfill the role of innate 

recognition in other settings (21-23).  

Protein-mediated Interactions 

The first level of parasite communication with the host can be considered to be 

simple protein-protein interactions in the extracellular milieu, either with fluid phase 

host components, or exposed receptors on host cell surfaces.  For example, H. 

polygyrus secretes a functional mimic of the immunomodulatory cytokine TGF-β, 

which ligates mammalian surface receptor and transduces a suppressive signal to T 

cells (Johnston et al, submitted for publication).  Space precludes further discussion of 

the many individual proteins now found to be involved in host-helminth interactions, 

but perhaps the most intriguing are members of the CAP superfamily (Pfam00188) 

which are greatly expanded across all helminth parasite lineages (24, 25), and highly 

represented in the secreted protein compartments (26, 27). One member of this 

family from Necator americanus (hookworm) was one of the first to be characterised 

functionally as NIF, a secreted inhibitor of integrin binding that blocks neutrophils (28).  
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While functional assignments for members of the CAP gene family other than NIF are 

scarce, it is interesting to note that in a plant parasitic nematode, a homologue binds 

to a tomato plant innate defence protein, disabling resistance pathways and 

promoting infection (29). Thus, helminth secreted proteins are not necessarily limited 

to interactions at the host cell surface, but can perform functions within host cells, 

raising the question of how they may enter the cell. 

Intracellular action of helminth proteins 

Two well-studied helminth glycoproteins are known to enter host cells and mediate 

profound biological effects.  The Schistosoma mansoni egg-derived glycoprotein ω1 is 

a ribonuclease bearing Lewis X glycan side chains, that bind to surface lectin of 

dendritic cells, mediating uptake into the cell, resulting in the protein moiety acting to 

block protein synthesis (30, 31). DCs pretreated with ω1 are also switched into the 

type 2 immune pathway, activating naive T cells to become Th2 effector cells. 

A different mediator is the predominant secreted glycoprotein of the filarial 

nematode Acanthocheilionema viteae. This product, ES-62, is a 62-kDa component 

bearing N-linked phosphorylcholine (PC) sidechains. Through interaction with surface 

TLR4, ES-62 enters the cell, and in the intracellular milieu the PC moiety interrupts the 

downstream signalling of both the B cell receptor and TLR4, effectively inhibiting cell 

activation (32).  A further example is the FheCL1 cysteine protease from Fasciola 

hepatica which degrades TLR3 in host macrophages thereby inhibiting activation; 

although TLR3 is an intracellular pathogen sensor, FheCL1 is able to enter the 

endosome to degrade the receptor in situ (17). 

A separate pathway is targetted by the filarial cystatin molecule CPI-2. This protein 

has two inhibitory sites which target conventional cysteine proteases, and asparaginyl 

endopeptidase (AEP) respectively (33). Human B cells exposed to CPI-2 from B. malayi 

(a human filarial parasite) are no longer able to process protein antigen for 

presentation to T cells, a pathway depednent on AEP activity in the endosome (33). 

Further studies on a closely related cystatin from A. viteae show that this protein is 

taken up by mouse macrophages and activates ERK and p38 kinases, resulting in the 
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production of immunoregulatory IL-10, in a manner linked to the phosphorylation of 

the CREB and STAT3 signalling factors (34). 

Many other products have been shown to modulate intracellular signalling in host 

cells, although the mode of entry is not always understood. For example, the ALT-2 

protein is derived from an abundant larval transcript of the filarial parasite Brugia 

malayi. The effect of this protein is seen added to macrophages, or introduced into 

the macrophage via transfection of the intracellular protozoan Leishmania mexicana,  

in the induction of the signalling proteins GATA-3 and SOCS-1, which act to induce 

type 2 responses and dampen IFN-γ dependent inflammatory signals in the cell (35). 

Discovery of exosomes 

It is now becoming increasingly apparent that extracellular vesicles, and exosomes in 

particular, play a key role in cellular communication. Exosomes are nanovesicles 

around 50-100nm in size that are secreted by virtually all cells to facilitate the transfer 

of selected cargo, mainly lipids, proteins and RNA species, whilst retaining phenotypic 

markers from their cell of origin  (36, 37).  Exosomes develop within a cell by inward 

budding of multi-vesicular endosomes, and thus contain components of the parental 

cell, such as RNAs or proteins, that may be trafficked into the same compartment. The 

discovery of extracellular vesicles from kinetoplastids, fungi and bacteria drove the 

theory that exosome-mediated communication could operate on a cross-species 

platform, whereby parasite-derived exosomes could interact with, and potentially 

modulate, the host immune system (38). Only recently have exosomes been 

recognised as integral products from extracellular organisms like helminths (38, 39). 

It has recently been discovered that parasitic helminths produce exosomes. This was 

initially reported in the excretory-secretory components of the trematodes, 

Echinostoma caproni and Fasciola hepatica, which infect the gastrointestinal tract and 

liver respectively (40), and in the nematode H polygyrus which infects the small 

intestine (41).  Data from the trematode studies further suggests that ES-derived 

exosomes are capable of reaching the host environment, as they appear to be found 

intact on the parasites’ tegument. Further support of this is demonstrated by the 



Coakley et al.,  Review   Page 8 

internalisation of helminth exosomes by host intestinal epithelial cells, suggesting 

their capacity for cross-phylum communication between helminths and mammals.  

The formation of exosomes by helminths had originally been established in free-living 

nematodes, with the demonstration that Caenorhabditis elegans use a novel 

secretion pathway from the apical membrane, to co-secrete multivesicular bodies, 

containing exosome-like vesicles, with peptides that normally promote cuticle 

development. (42). Exosomes from helminths and protozoa appear to share many 

specific markers, with those known to be present in mammalian exosomes, such as 

Heat-shock protein 70 (HSP70), endosomal sorting components e.g. Alix, and surface 

tetraspanins including CD9 and CD63 (37). For example, it was shown that whilst 

exosomes secreted by Leishmania-infected macrophages undergo a series of 

phenotypic changes, they still retain some typical exosome markers, including TsG101, 

Alix and CD63  (43). Additionally, transcriptomic analysis of the cestode, Echinococcus 

granulosus, revealed the existence of other CD63-like tetraspanin family members 

(44). Tetraspanins were independently selected as target candidates for vaccination 

against Echinococcus multilocularis, another tapeworm which causes alveolar 

echinococcosis, a highly fatal disease dominating parts of Siberia, Central Europe and 

China (45, 46). The focus on a tetraspanin-targeting vaccine is also being explored 

against the human pathogen Schistosoma mansoni (47, 48) 

Previously, we have shown the ability of H. polygyrus, a murine gastrointestinal 

nematode, to secrete exosomes that contain multiple miRNA species as well as a 

significant number of proteins, representing approximately 10% of the total protein 

secretion of an adult worm (41).  Proteomic comparison of the secreted products 

represented in the soluble and vesicular fractions separate by ultacentrifugation also 

demonstrated enrichment of a number of key components within the exosomes. 

Interestingly, some of these were proteins which have previously been located at the 

apical membrane of intestinal epithelial cells of C. elegans; electron microscopy also 

recorded multi-vesicular bodies in the intestinal tissues of H. polygyrus adults and 

exosome-like structures released into the lumen (41), strongly suggesting that the 

parasite releases exosomes from its alimentary tract (Figure 2). 
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Functionally, we were also able to show the immunomodulatory capacity of 

exosomes derived from extracellular helminths. When given prophylactically, H. 

polygyrus exosomes suppress the innate immune response to the fungus Alternaria 

alternata, commonly associated with respiratory allergies, primarily through the 

modulation of type 2 innate lymphoid cells (ILC2s) (41). Activation of ILC2s normally 

drives eosinophilia through the release of IL-5, which is blocked by parasite exosomes 

(Figure 3). Moreover, H.polygyrus exosomes have been shown to reduce the 

expression of IL1RL1/ST2 transcript, both in vitro and in vivo in murine cell 

populations. This gene encodes the IL-33R and is required for the type 2 response to 

be initiated by ILC2s, consistent with the observed protection from allergic 

inflammation conferred by exosomes in vivo. The importance of the IL-33 ligand-

receptor axis in anti-parasite responses has also been well-documented (18, 49). Thus, 

our data demonstrated the ability of H. polygyrus-derived exosomes to avoid parasite 

clearance by modulating this key aspect of the host immune response. 

Parallel studies on the digenean trematode cattle parasite, Dicrocoelium dendriticum, 

also found exosomes to be released into culture medium, and to contain over 80 

protein components as well as at least 30 miRNA species with identity or near-identity 

to known sequences (50). Although no functional tests were reported, the authors 

highlighted the commonality with the major Schistosome miRNAs Bantam, miR-10 

and miR-3479 that are detectable biomarkers in the plasma of infected hosts (51). 

Most recently, Nowacki et al described 30-100 nm exosome-like vesicles secreted by 

Schistosoma mansoni schistosomulas that are enriched in specific non-coding RNAs 

and proteins (52); over 200 miRNAs were identified as well as 20 tRNA-derived small 

RNAs and over 100 proteins. In addition, it was shown that the L3 infective stage of 

Brugia malayi secrete 50-120 nm vesicles rich in miRNA species, and a protein 

complement that included not only classical exosome-associated products, but those 

with potential to interfere with host cell responses, such as Cathepsin L (53). 

Significantly, the infective stage was found to be much more prolific exosome 

producers than the adult worm stage, possibly reflecting the demands of transition 

from vector to host at this point in the life cycle. Sotillo et al further reported that 

adult Schistosoma mansoni worms release 50-130nm-sized exosome vesicles, 
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containing over 80 identifiable proteins 5 of which are tetraspanins and an abundant 

saposin-like protein (54).  These authors also highlighted that a number of known 

Schistosome vaccine candidate antigens, including the tetraspanins discussed above, 

are prominent components of the exosomes. In the related parasite S. japonicum, 

Wang et al reported that 30-100 nm vesicles released by adult worms cultured in vitro 

for 5 hours, detectable upon ultracentrifugation of the culture medium (55). These 

authors also found that S. japonicum exosomes stimulated the murine macrophage-

like cell line RAW264.7 to produce nitric oxide alongside other indicators of a Type 1 

pathway, although in this study the protein cargo of the exosomes was not identified. 

The presence of many key proteins, as well as RNA species, in the secreted vesicles 

highlights both the complexity and diversity of cargo within exosomes, with a 

correspondingly wide range of potential interactions within recipient cells (56). 

A broader scope for helminth exosomes has also emerged from analyses of the liver 

fluke Opisthorchis viverrini, a trematode prevalent in parts of South-East Asia where it 

is causally linked to cholangiocarcionoma (bile duct cancer).  As with the species 

described above, secretory material contained exosomes (measuring in this case 40-

180 nm), with a similar spectrum of associated proteins including tetraspanin (57). 

Some exosome-associated proteins were also found in the bile fluid of infected hosts. 

Exosome entry into host cells was blocked with anti-tetraspanin antibody, arguing 

that this protein is likely to be exposed on the vesicular surface as found for 

mammalian exosomes.  Most significantly, O. viverrini exosomes were found to 

stimulate cell proliferation in a human cholangiocyte cell line, and to also induce their 

production of the pro-inflammatory cytokine IL-6 in a manner that was partly 

inhibitable by anti-tetraspanin antibody. Taken together, these data make a strong 

case that O. viverrini drives potentially tumorogenic changes in the host bile duct that 

could account for the carconogenic effects of infection with this parasite. 

Helminth miRNAs in exosomes 

It has been well documented that non-coding RNAs, and microRNAs in particular, 

transfer between cells and organisms through their encapsulation within exosomes 

and other extracellular vesicles (58). Indeed this provides a mechanism for protecting 
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RNAs from degradation when outside of the cell, and presumably enables an uptake 

pathway to deliver RNA to the appropriate cellular compartment in the recipient.  

Several of the studies discussed above identified small RNAs within parasite-derived 

exosomes, including those from the nematodes B. malayi (53) and H. polygyrus (41), 

and the trematodes D. dendriticum (50) and S. mansoni (52). 

In the case of H. polygyrus, we were able to show a suite of RNA species packaged 

within exosomes, including miRNAs such as let-7, miR200 and bantam (41) could 

suppress the mouse phosphatase Dusp1 using a reporter assay. New data identifying 

extensive miRNA repertoires in parasitic helminths are now becoming available, 

although the distribution of these within secretory exosomes has in most cases yet to 

be established. 

Most importantly, definitive evidence for helminth-derived miRNA acting on host 

genes remains to be obtained; however, the circumstantial evidence remains 

enticing; not only are extensive seed sequences shared between helminth and host 

miRNAs, but the miRNA-rich exosomes (of H. polygyrus at least) also carry the worm 

Argonaut protein (41, 59), suggesting that a functional package for gene repression is 

being delivered to the target cells. 

Small Molecule Interactions 

Increasing attention is being paid to how small molecules, metabolites, hormones and 

molecular cues, are intimately involved in intercellular communication. For example, 

the short-chain fatty acids (SCFAs, butyrate, acetate and proprionate) are not 

produced by the mammalian organism, but derived from commensals at levels that 

promote regulatory T cells (60); dysbiosis can be pathogenic due to disruption of this 

pathway (61, 62). Interestingly, helminths can also synthesise these compounds (63) 

as well as promote the commensal bacteria able to produce significant quantities of 

SCFAs (64). 

Other small molecules include prostaglandins D2 and E2 produced by filarial parasites 

B. malayi (65) and Onchocerca volvulus (66), and by the skin-invasive cercariae of S. 

mansoni (67). In addition to small molecules and metabolites, helminths also directly 
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modify host-derived small ligands such as acetylcholine (through acetylcholinesterase 

(68)), platelet-activating factor (PAF hydrolase (69)) and ATP (apyrase (70)), among 

many others, a discussion of which are beyond the scope of the current review. 

Interactions through the microbiome 

Helminth parasites, particularly in the intestinal tract, share their niche with a myriad 

of micro-organisms, principally hundreds of bacterial species known as the microbiota 

(71-73).  Notably, helminth infections depend to a great extent on the presence of 

these commensals: for example, in the absence of caecal bacteria, Trichuris eggs do 

not hatch in the intestine (74). Most studies of the microbiota in mice infected with 

intestinal helminths have found significant and occasionally sweeping changes in the 

species composition, particularly among Bacteriodes and Lactobacillus populations 

(71-73). Recently, it was found that BALB/c mice infected with H. polygyrus showed 

expansion of the L. taiwanensis species, and that the degree of colonisation with this 

bacterium positively correlated with both adult worm numbers and the level of Treg 

activation (75). Interestingly, if mice were given L. taiwanensis prior to receiving H. 

polygyrus larvae, they were rendered more susceptible to infection, establishing a 

mutual promotion between the bacteria and helminth organisms. 

It has also been suggested that the immune modulatory effects of helminth infection 

may be mediated in part indirectly, through altering the intestinal microbiome. To 

date, intriguing experiments have been reported in which the intestinal contents of 

infected mice (containing bacteria but also a range of host and parasite products) are 

able to dampen the allergic response when transferred to recipient mice (64). It will 

be fascinating to analyse this effect in more detail, particularly if as with L. 

taiwanensis, an individual bacteria is found responsible. 

Significantly, a recent report has shown that faecal miRNAs derived from intestinal 

epithelial cells can influence the microbiome, potentially through direct interactions 

with bacterial genes (76).  These miRNAs were suggested to be present in 

extracellular vesicles, raising the possibility that both host and helminths could 

modulate the microbiome through this novel mechanism, and indeed as mentioned 
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below, that host exosomes could impact on the helminth organisms parasitising the 

intestinal tract.  

A two way street – Helminths listening to their host 

While the focus of this review has been on how helminths deliver messages to the 

host immune system, there are some intriguing examples of how helminths also 

detect and respond to host immune status. Classic studies on N. brasiliensis found 

that the adult worms adapt to an immunised host by switching expression levels and 

isoforms of secreted acetylcholinesterase (77). More recently, detection of host 

cytokines has been found in Schistosomes, which require the presence of host TNF to 

mature to egg laying (78) and filarial parasites responding to high IL-5 levels in vivo by 

accelerating their maturation and production of offspring (79).  An example of a 

helminth receptor able to ligate a host cytokine was established in the case of the 

TGF-β family receptor  of S. mansoni (80). 

An intriguing possibility that extracellular vesicles from the host provide a channel of 

communications that influence the helminth parasites, although as yet there are no 

reports of parasites being directly receptive to vesicle-mediated signals. However 

there is a growing literature demonstrating the use of host-derived extracellular 

vesicle impact on defence against pathogens. For example, exosomes derived from 

IFN-α stimulated cells were able to induce antiviral activity and limit viral replication 

in recipient infected cells (81, 82). Furthermore, human semen exosomes have also 

been implicated in resistance to HIV-1 following their uptake into naïve cells by 

reducing viral fitness (83). Another example of exosome-mediated host defence is 

demonstrated during the innate response to protozoan parasite Cryptosporidium 

parvum. TLR4-mediated activation of the host epithelium induces the release of 

antimicrobial peptide-containing exosomes that limit infectivity of the pathogen in 

the intestinal environment (84). The development of a directed anti-pathogen 

response by host exosomes has also been explored for use in a more clinical setting in 

which host exosomes collected from parasite antigen-primed dendritic cells induce 

protection from different protozoan infections, including Toxoplasma gondii (85) and 

Leishmania major (86). 
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Conclusions and outlook 

Helminths have accompanied a vast range of host species throughout evolution, 

developing sophisticated pathways of communication with, and even control of, the 

immune system of their hosts. The rapid discovery that many helminth species have 

the ability to release exosomes to mediate cross-phylum interactions speaks to the 

importance of this pathway in host-parasite biology.  In this new light, we now see 

how the large extracellular parasites classified as helminths may be able to “reach in’ 

to the intracellular machinery of host cells, modifying their behaviour in ever more 

remarkable ways. As exosome uptake is not necessarily receptor-dependent, it is 

difficult for the host to evolve counter-measures to block parasite exosome effects, 

while it would be relatively easy for the parasite to exploit exosome traffic for ever 

more effective interference molecules from proteins and enzymes to small RNAs and 

other modifiers of gene expression. Furthermore, the vesicles offer a robust vehicle 

for parasites that may have to deliver their “message” through extracellular spaces of 

very different nature, and quite possibly through cells and tissues too.  

Greater understanding of helminth exosomes, however, should direct us to ways of 

neutralising their effects, building on our existing knowledge of immunomodulatory 

proteins and glycans. For example, exosomes may constitute good vaccine targets, if 

we can generate antibody responses to key surface membrane components that are 

required for cell entry. In addition, new drug targets may emerge from defining the 

pathways required for exosome biogenesis in helminths, and/or the events within the 

host cell that follow helminth exosome uptake. Hence, a new window has opened not 

only on how helminths defeat the immune system, but on how we can turn the tables 

and defeat the strategy of the helminth.  
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Figure Legends 

Figure 1 

Pathogen recognition systems in helminth infection. Innate mechanisms respond to 
tissue injury with release of alarmins (eg IL-33, TSLP) which can initiate a type 2 
response; helminths can block alarmin release or receptors for alarmins such as ST2 
(the IL-33R). Pathogen associated molecular patterns may also be recognised eg by 
Toll Like Receptors (TLRs) or C-type lectin receptors (CLRs), and these molecular 
patterns may be directly presented by helminths, or indirectly through bacteria 
translocating through injured epithelium. In the latter case, the Th1 response driven 
by IL-12 is blocked by helminth secreted immune modulators. 

Figure 2 

Proposed route of secretion of exosomes by the nematode H.polygyrus. (A) Low-
power micrograph of the intestinal tract  of adult H. polygyrus showing brush border 
epithelium, as well as ducted secretory gland (marked with asterisk). (B) Higher power 
image of H.polygyrus intestinal ultrastructure, with (C) zoom of the luminal contents  
containing a large number of vesicles and macromolecular structures consistent with 
the presence of exosomes. 

Figure 3 

Helminths release diverse molecular species to communicate with host cells, including 
proteins, glycans and exosome components, including miRNAs (A). They also produce 
short chain fatty acids (SCFAs) and promote commensal microbes which release 
SCFAs, expanding the Foxp3+ Treg population (B).  



Coakley et al.,  Review   Page 16 

References 

1. Maizels RM, et al. (2004) Helminth parasites : masters of regulation. Immunol. 
Rev. 201:89-116. 

2. Hewitson JP, Grainger JR, & Maizels RM (2009) Helminth immunoregulation: 
the role of parasite secreted proteins in modulating host immunity. Mol 
Biochem Parasitol 167:1-11. 

3. Allen JE & Maizels RM (2011) Diversity and dialogue in immunity to helminths. 
Nat Rev Immunol 11:375-388. 

4. Maizels RM, Hewitson JP, & Smith KA (2012) Susceptibility and immunity to 
helminth parasites. Curr Opin Immunol 25:459-466. 

5. Johnston CJ, McSorley HJ, Anderton SM, Wigmore SJ, & Maizels RM (2014) 
Helminths and immunological tolerance. Transplantation 97(2):127-132. 

6. Sartono E, et al. (1995) Elevated cellular responses and interferon-γ release 
after long-term diethylcarbamazine treatment of patients with human 
lymphatic filariasis. J. Infect. Dis. 171:1683-1687. 

7. Grogan JL, Kremsner PG, Deelder AM, & Yazdanbakhsh M (1996) Elevated 
proliferation and interleukin-4 release from CD4+ cells after chemotherapy in 
human Schistosoma haematobium infection. Eur. J. Immunol. 26:1365-1370. 

8. Semnani RT, et al. (2006) Filaria-induced monocyte dysfunction and its 
reversal following treatment. Infect Immun 74(8):4409-4417. 

9. Campbell CH (1955) The antigenic role of the excretions and secretions of 
Trichinella spiralis in the production of immunity in mice. J. Parasitol. 41:483-
491. 

10. Oppenheim JJ & Yang D (2005) Alarmins: chemotactic activators of immune 
responses. Curr Opin Immunol 17(4):359-365. 

11. Cayrol C & Girard JP (2014) IL-33: an alarmin cytokine with crucial roles in 
innate immunity, inflammation and allergy. Curr Opin Immunol 31C:31-37. 

12. Ziegler SF & Artis D (2010) Sensing the outside world: TSLP regulates barrier 
immunity. Nat Immunol 11(4):289-293. 

13. Balic A, Harcus Y, Holland MJ, & Maizels RM (2004) Selective maturation of 
dendritic cells by Nippostrongylus brasiliensis secreted proteins drives T helper 
type 2 immune responses. Eur. J. Immunol. 34:3047-3059. 

14. Cervi L, MacDonald AS, Kane C, Dzierszinski F, & Pearce EJ (2004) Dendritic 
cells copulsed with microbial and helminth antigens undergo modified 
maturation, segregate the antigens to distinct intracellular compartments, and 
concurrently induce microbe-specific Th1 and helminth-specific Th2 responses. 
J Immunol 172(4):2016-2020. 

15. Segura M, Su Z, Piccirillo C, & Stevenson MM (2007) Impairment of dendritic 
cell function by excretory-secretory products: A potential mechanism for 
nematode-induced immunosuppression. Eur J Immunol 37:1887-1904. 

16. Massacand JC, et al. (2009) Helminth products bypass the need for TSLP in Th2 
immune responses by directly modulating dendritic cell function. Proc Natl 
Acad Sci U S A 106:13968-13973. 

17. Donnelly S, et al. (2010) Helminth cysteine proteases inhibit TRIF-dependent 
activation of macrophages via degradation of TLR3. J Biol Chem 285:3383-3392. 



Coakley et al.,  Review   Page 17 

18. McSorley HJ, Blair NF, Smith KA, McKenzie ANJ, & Maizels RM (2014) Blockade 
of IL-33 release and suppression of type 2 innate lymphoid cell responses by 
helminth secreted products in airway allergy. Mucosal Immunol 7:1068–1078. 

19. van der Kleij D, et al. (2002) A novel host – parasite lipid cross talk: 
schistosomal lysophosphatidylserine activates Toll-like receptor 2  and affects 
immune polarization. J. Biol. Chem. 277:48122-48129. 

20. Aksoy E, et al. (2005) Double-stranded RNAs from the helminth parasite 
Schistosoma activate TLR3 in dendritic cells. J Biol Chem 280(1):277-283. 

21. Van Die I, 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 13:471-478. 

22. van Kooyk Y (2008) C-type lectins on dendritic cells: key modulators for the 
induction of immune responses. Biochem Soc Trans 36(Pt 6):1478-1481. 

23. Ritter M, 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 107:20459-20464. 

24. Cantacessi C, et al. (2009) A portrait of the "SCP/TAPS" proteins of eukaryotes 
- Developing a framework for fundamental research and biotechnological 
outcomes. Biotechnol Adv 27:376-388. 

25. Chalmers IW & Hoffmann KF (2012) Platyhelminth Venom Allergen-Like (VAL) 
proteins: revealing structural diversity, class-specific features and biological 
associations across the phylum. Parasitology 139(10):1231-1245. 

26. Hawdon JM, Jones BF, Hoffman DR, & Hotez  PJ (1996) Cloning and 
characterization of Ancylostoma-secreted protein.    A novel protein 
associated with the transition to parasitism by infective hookworm larvae. J. 
Biol. Chem. 271:6672-6678. 

27. Hewitson JP, et al. (2011) Proteomic analysis of secretory products from the 
model gastrointestinal nematode Heligmosomoides polygyrus  reveals 
dominance of Venom Allergen-Like (VAL) proteins. J Proteomics 74:1573-1594. 

28. Moyle M, et al. (1994) A hookworm glycoprotein that inhibits neutrophil 
function is a ligand of the integrin CD11b/CD18. J. Biol. Chem. 269:10008-
10015. 

29. Lozano-Torres JL, et al. (2012) Dual disease resistance mediated by the 
immune receptor Cf-2 in tomato requires a common virulence target of a 
fungus and a nematode. Proc Natl Acad Sci U S A 109(25):10119-10124. 

30. Everts B, et al. (2012) Schistosome-derived omega-1 drives Th2 polarization by 
suppressing protein synthesis following internalization by the mannose 
receptor. J Exp Med 209(10):1753-1767. 

31. Steinfelder S, et al. (2009) The major component in schistosome eggs 
responsible for conditioning dendritic cells for Th2 polarization is a T2 
ribonuclease (omega-1). J Exp Med 206(8):1681-1690. 

32. Harnett W & Harnett MM (2006) Filarial nematode secreted product ES-62 is 
an anti-inflammatory agent: therapeutic potential of small molecule 
derivatives and ES-62 peptide mimetics. Clinical and experimental 
pharmacology & physiology 33(5-6):511-518. 



Coakley et al.,  Review   Page 18 

33. Manoury B, Gregory WF, Maizels RM, & Watts C (2001) Bm-CPI-2, a cystatin 
homolog secreted by the filarial parasite Brugia malayi, inhibits class II MHC-
restricted antigen processing. Curr Biol 11:447-451. 

34. Klotz C, et al. (2011) A helminth immunomodulator exploits host signaling 
events to regulate cytokine production in macrophages. PLoS Pathog 
7(1):e1001248. 

35. Gomez-Escobar N, et al. (2005) Heterologous expression of the filarial 
nematode alt gene products reveals their potential to inhibit immune function. 
BMC Biology 3:8; 1-16. 

36. Colombo M, Raposo G, & Thery C (2014) Biogenesis, secretion, and 
intercellular interactions of exosomes and other extracellular vesicles. Annu 
Rev Cell Dev Biol 30:255-289. 

37. Raposo G & Stoorvogel W (2013) Extracellular vesicles: exosomes, 
microvesicles, and friends. J Cell Biol 200(4):373-383. 

38. Coakley G, Maizels RM, & Buck AH (2015) Exosomes and other extracellular 
vesicles: the new communicators in parasite infections. Trends Parasitol 
31(10):477-489. 

39. Marcilla A, et al. (2014) Extracellular vesicles in parasitic diseases. J Extracell 
Vesicles 3:25040. 

40. Marcilla A, et al. (2012) Extracellular vesicles from parasitic helminths contain 
specific excretory/secretory proteins and are internalized in intestinal host 
cells. PLoS ONE 7((9)):e45974. 

41. Buck AH, et al. (2014) Exosomes secreted by a nematode parasite transfer 
RNA to mammalian cells and regulate genes of the innate immune system. 
Nature Communications 5:5488. 

42. Liegeois S, Benedetto A, Garnier JM, Schwab Y, & Labouesse M (2006) The V0-
ATPase mediates apical secretion of exosomes containing Hedgehog-related 
proteins in Caenorhabditis elegans. J Cell Biol 173(6):949-961. 

43. Hassani K & Olivier M (2013) Immunomodulatory impact of Leishmania-
induced macrophage exosomes: a comparative proteomic and functional 
analysis. PLoS Negl Trop Dis 7(5):e2185. 

44. Parkinson J, et al. (2012) A transcriptomic analysis of Echinococcus granulosus 
larval stages: implications for parasite biology and host adaptation. PLoS Negl 
Trop Dis 6(11):e1897. 

45. Dang Z, et al. (2012) A pilot study on developing mucosal vaccine against 
alveolar echinococcosis (AE) using recombinant tetraspanin 3: Vaccine efficacy 
and immunology. PLoS Negl Trop Dis 6(3):e1570. 

46. Dang Z, et al. (2009) Evaluation of Echinococcus multilocularis tetraspanins as 
vaccine candidates against primary alveolar echinococcosis. Vaccine 
27(52):7339-7345. 

47. Tran MH, et al. (2006) Tetraspanins on the surface of Schistosoma mansoni are 
protective antigens against schistosomiasis. Nat Med 12:835-840. 

48. Pinheiro CS, et al. (2014) A multivalent chimeric vaccine composed of 
Schistosoma mansoni SmTSP-2 and Sm29 was able to induce protection 
against infection in mice. Parasite Immunol 36(7):303-312. 



Coakley et al.,  Review   Page 19 

49. Humphreys NE, Xu D, Hepworth MR, Liew FY, & Grencis RK (2008) IL-33, a 
potent inducer of adaptive immunity to intestinal nematodes. J Immunol 
180(4):2443-2449. 

50. Bernal D, et al. (2014) Surface analysis of Dicrocoelium dendriticum. The 
molecular characterization of exosomes reveals the presence of miRNAs. J 
Proteomics 105:232-241. 

51. Cheng G, Luo R, Hu C, Cao J, & Jin Y (2013) Deep sequencing-based 
identification of pathogen-specific microRNAs in the plasma of rabbits infected 
with Schistosoma japonicum. Parasitology 140(14):1751-1761. 

52. Nowacki FC, et al. (2015) Protein and small non-coding RNA-enriched 
extracellular vesicles are released by the pathogenic blood fluke Schistosoma 
mansoni. J Extracell Vesicles 4:28665. 

53. Zamanian M, et al. (2015) Release of small RNA-containing exosome-like 
vesicles from the human filarial parasite Brugia malayi. PLoS Negl Trop Dis 
9(9):e0004069. 

54. Sotillo J, et al. (2016) Extracellular vesicles secreted by Schistosoma mansoni 
contain protein vaccine candidates. Int J Parasitol 46(1):1-5. 

55. Wang L, et al. (2015) Exosome-like vesicles derived by Schistosoma japonicum 
adult worms mediates M1 type immune- activity of macrophage. Parasitol Res 
114(5):1865-1873. 

56. Kalra H, Drummen GP, & Mathivanan S (2016) Focus on extracellular vesicles: 
introducing the next small big thing. Int J Mol Sci 17(2). 

57. Chaiyadet S, et al. (2015) Carcinogenic liver fluke secretes extracellular vesicles 
that promote cholangiocytes to adopt a tumorigenic phenotype. J Infect Dis 
212(10):1636-1645. 

58. Valadi H, et al. (2007) Exosome-mediated transfer of mRNAs and microRNAs is 
a novel mechanism of genetic exchange between cells. Nat Cell Biol 9(6):654-
659. 

59. Buck AH & Blaxter M (2013) Functional diversification of Argonautes in 
nematodes: an expanding universe. Biochem Soc Trans 41(4):881-886. 

60. Arpaia N, et al. (2013) Metabolites produced by commensal bacteria promote 
peripheral regulatory T-cell generation. Nature 504(7480):451-455. 

61. Maslowski KM, et al. (2009) Regulation of inflammatory responses by gut 
microbiota and chemoattractant receptor GPR43. Nature 461(7268):1282-
1286. 

62. Trompette A, et al. (2014) Gut microbiota metabolism of dietary fiber 
influences allergic airway disease and hematopoiesis. Nat Med 20(2):159-166. 

63. Tielens AGM, van Grinsven KWA, Henze K, van Hellemond JJ, & Martin W 
(2010) Acetate formation in the energy metabolism of parasitic helminths and 
protists. Int J Parasitol 40(4):387-397. 

64. Zaiss MM, names m, & Harris NL (2015) Intestinal helminths modulate allergic 
inflammation indirectly by altering bacterial metabolism. Science (submitted). 

65. Liu LX, Buhlmann JE, & Weller PF (1992) Release of prostaglandin E2 by 
microfilariae of Wuchereria bancrofti and Brugia malayi. Am. J. Trop. Med. Hyg. 
46:520-523. 



Coakley et al.,  Review   Page 20 

66. Brattig NW, Schwohl A, Rickert R, & Buttner DW (2006) The filarial parasite 
Onchocerca volvulus generates the lipid mediator prostaglandin E(2). 
Microbes Infect 8(3):873-879. 

67. Ramaswamy K, Kumar P, & He YX (2000) A role for parasite-induced PGE2 in IL-
10-mediated host immunoregulation by skin stage schistosomula of 
Schistosoma mansoni. J Immunol 165(8):4567-4574. 

68. Selkirk ME, Lazari O, & Matthews JB (2005) Functional genomics of nematode 
acetylcholinesterases. Parasitology 131 Suppl:S3-18. 

69. Blackburn CC & Selkirk ME (1992) Inactivation of Platelet Activating Factor by a 
putative acetylhydrolase from the gastrointestinal nematode parasite  
Nippostrongylus brasiliensis. Immunology 75:41-46. 

70. Gounaris K, Selkirk ME, & Sadeghi SJ (2004) A nucleotidase with unique 
catalytic properties is secreted by Trichinella spiralis. Mol Biochem Parasitol 
136:257-264. 

71. Kreisinger J, Bastien G, Hauffe HC, Marchesi J, & Perkins SE (2015) Interactions 
between multiple helminths and the gut microbiota in wild rodents. Philos 
Trans R Soc Lond B Biol Sci 370(1675). 

72. Reynolds LA, Finlay BB, & Maizels RM (2015) Cohabitation in the Intestine: 
Interactions among Helminth Parasites, Bacterial Microbiota, and Host 
Immunity. J Immunol 195(9):4059-4066. 

73. Zaiss MM & Harris NL (2016) Interactions between the intestinal microbiome 
and helminth parasites. Parasite Immunol 38(1):5-11. 

74. Hayes KS, et al. (2010) Exploitation of the intestinal microflora by the parasitic 
nematode Trichuris muris. Science 328(5984):1391-1394. 

75. Reynolds LA, et al. (2014) Commensal-pathogen interactions in the intestinal 
tract: Lactobacilli promote infection with, and are promoted by, helminth 
parasites. Gut Microbes 5:10-19. 

76. Liu S, et al. (2016) The Host Shapes the Gut Microbiota via Fecal MicroRNA. 
Cell Host Microbe 19(1):32-43. 

77. Jones VE & Ogilvie BM (1972) Protective immunity to Nippostrongylus 
brasiliensis  in the rat.  III.  Modulation of worm acetylcholinesterase by 
antibodies. Immunology 22:119-129. 

78. Amiri P, et al. (1992) Tumour necrosis factor a restores granulomas and 
induces parasite egg-laying in schistosome-infected SCID mice. Nature 
356:604-607. 

79. Babayan SA, Read AF, Lawrence RA, Bain O, & Allen JE (2010) Filarial parasites 
develop faster and reproduce earlier in response to host immune effectors 
that determine filarial life expectancy. PLoS Biol 8(10):e1000525. 

80. Beall MJ & Pearce EJ (2001) Human transforming growth factor-β activates a 
receptor serine/threonine kinase from the intravascular parasite Schistosoma 
mansoni. J Biol Chem 276:31613-31619. 

81. Li J, et al. (2013) Exosomes mediate the cell-to-cell transmission of IFN-alpha-
induced antiviral activity. Nat Immunol 14(8):793-803. 

82. Giugliano S, et al. (2015) Hepatitis C virus infection induces autocrine 
interferon signaling by human liver endothelial cells and release of exosomes, 
which inhibits viral replication. Gastroenterology 148(2):392-402 e313. 



Coakley et al.,  Review   Page 21 

83. Madison MN, Jones PH, & Okeoma CM (2015) Exosomes in human semen 
restrict HIV-1 transmission by vaginal cells and block intravaginal replication of 
LP-BM5 murine AIDS virus complex. Virology 482:189-201. 

84. Hu G, et al. (2013) Release of luminal exosomes contributes to TLR4-mediated 
epithelial antimicrobial defense. PLoS Pathog 9(4):e1003261. 

85. Beauvillain C, Ruiz S, Guiton R, Bout D, & Dimier-Poisson I (2007) A vaccine 
based on exosomes secreted by a dendritic cell line confers protection against 
T. gondii infection in syngeneic and allogeneic mice. Microbes Infect 9(14-
15):1614-1622. 

86. Schnitzer JK, Berzel S, Fajardo-Moser M, Remer KA, & Moll H (2010) Fragments 
of antigen-loaded dendritic cells (DC) and DC-derived exosomes induce 
protective immunity against Leishmania major. Vaccine 28(36):5785-5793. 
 



Graphical Abstract

http://ees.elsevier.com/molbio/download.aspx?id=102710&guid=071c5f9b-71e0-4a6b-8f4b-edeac04cc41c&scheme=1


Coakley et al., Figure 1 

Epithelial cells 

Dendritic Cell 

CLR 

IL-12 

IL-33, TSLP 

Helminth 

Molecular 

Patterns? 

Tissue Damage 

TLR 

Damage Associated 

Molecular Patterns? 

Helminth 

Immune 

Modulators 

Bacterial 

Translocation? 

Helminth 

Immune 

Modulators 

Th1 

ILC2 

Th2 

Figure 1



* (A) 

(B) 

(C) 

Coakley et al., Figure 2 

Figure 2



Coakley et al., Figure 3 

A 

Exosomes 

Proteins 

ILC2 

Treg 

ST2 

IL-33 

Foxp3 

IL-12 
CD40 

Glycans 

B 
SCFAs 

Microbiota Treg 

Foxp3 

PGD2,E2 

Figure 3




