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Parasites have evolved a wide range of mechanisms that they use to evade or manipulate the host's immune response and establish infection. The majority of the in vivo studies that have investigated these host-parasite interactions have been undertaken in experimental animals, especially rodents, which were housed and maintained to a high microbiological status. However, in the field situation it is increasingly apparent that pathogen co-infections within the same host are a common occurrence. For example, chronic infection with pathogens including malarial parasites, soil-transmitted helminths, Mycobacterium tuberculosis and viruses such as HIV may affect a third of the human population of some developing countries. Increasing evidence shows that co-infection with these pathogens may alter susceptibility to other important pathogens, and/or influence vaccine efficacy through their effects on host immune responsiveness. Co-infection with certain pathogens may also hinder accurate disease diagnosis. This review summarizes our current understanding of how the host's immune response to infection with different types of parasites can influence susceptibility to infection with other pathogenic microorganisms. A greater understanding of how infectious disease susceptibility and pathogenesis can be influenced by parasite co-infections will enhance disease diagnosis and the design of novel vaccines or therapeutics to more effectively control the spread of infectious diseases.
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INTRODUCTION

The important host-parasite interactions that influence the progression and control of infection to individual pathogenic microorganisms have been studied in much detail, especially in laboratory mice. However, since many pathogens are acquired through similar routes of exposure (e.g., orally following ingestion of contaminated water, food, or pasture) infection of natural host species in field situations and humans with multiple pathogens is common, especially in regions with poor sanitation and/or limited access to clean drinking water. In order to sustain chronic infections, the parasitic microorgansisms have evolved a diverse range of mechanisms to enable them to evade or manipulate the host's immune response. As a consequence, by-stander effects due to infection with certain parasite species can significantly alter susceptibility to other important pathogens, and/or influence the development of pathology. Discussed throughout this review are examples of the many studies that have investigated the effects of parasitic helminth infections on host susceptibility to co-infection with a diverse range other pathogenic microorganisms.

Helminths are large, multicellular parasitic microorganisms. Estimates suggest that approximately a third of the global human population may be infected with helminth parasites, causing important public health concerns, especially in regions with poor sanitation or limited access to clean drinking water. Helminths are commonly referred to as parasitic worms and can include the following groupings: roundworms (nematodes), such as Ascaris lumbricoides; whipworms, such as Trichuris trichiura in humans and T. muris in mice; hookworms, such as Necator americanus; flukes (trematodes), such as Facsiola hepatica and Schistosoma mansoni; and cestodes (tapeworms). Many of these helminth parasites are soil-transmitted and cause gastrointestinal infections following ingestion of pasture or water contaminated with their eggs. The schistosomes, in contrast, can establish chronic infection within the host's bloodstream. Infections with helminth parasites often cause significant pathology, for example as they migrate through host tissues following infection via the skin (e.g., schistosomes), or feed on the gut epithelium (e.g., Trichuris spp.) (1). These chronic infections are often associated with the development of systemic and mucosal CD4+ T helper cell type 2 (Th2) polarized immune responses. These are typically characterized by increased expression of cytokines such as interleukin-4 (IL-4), IL-13, eosinophilia, production of immunoglobulin E (IgE), and stimulation of alternatively activated (M2) macrophages and type 2 innate lymphoid cells (ILC2) (2, 3). The alternatively activated macrophages are considered to play an important role in repairing the tissue damage caused by the helminth infection.

However, the characteristics of the immune response to infection with other types of parasites can differ substantially. Trypanosomes and malaria parasites are important vector-borne unicellular protozoan parasites, and are the causative agents of trypanosomiasis and malaria, respectively, in humans and animals. Each of these parasite species can establish chronic infections in the host's bloodstream: the trypanosomes living extracellularly, whereas the malaria parasites establish cyclical rounds of intracellular infection within erythrocytes. Host immune responses to infection with these protozoan parasites are usually fundamentally distinct from the predominantly Th2-polarized responses induced by helminth infections. Malaria infections, for example, are associated with elevated levels of pro-inflammatory cytokines such as interferon-γ (IFNγ), IL-12, increased levels of CD4+ Th1 cells, CD8+ T cells, and NK cells and the stimulation of pro-inflammatory classically activated (M1) macrophages (4, 5).

An increasing body of data indicates that alterations to these responses due to co-infection with other pathogens can dramatically influence disease susceptibility. Many of the examples presented below suggest links between parasite-induced disturbances to the Th1/Th2 balance and/or macrophage phenotype (alternatively activated vs. classically activated) and altered susceptibility or pathogenesis following subsequent co-infection with other pathogens. The effects of the parasite infection on the host's immune response may also have serious implications for the accurate diagnosis of other infections within the same individual. Bovine tuberculosis is an important infectious disease of cattle caused by the pathogenic bacterium Mycobacterium bovis. Current measures to control this disease include the regular testing of cattle and removal of infected stock from herds. A widely used diagnostic test for this disease is based on the detection of M. bovis-specific IFNγ production by peripheral blood lymphocytes. However, as helminth infections can modulate host IFNγ responses, co-infections with these parasites could have serious consequences for the reliable detection of other important pathogens (see section Mycobacterium tuberculosis).

This review therefore discusses how the induction of an immune response to infection with distinct types of parasites may modulate the development of effective immunity and/or disease pathogenesis to co-infections with other important pathogenic microorganisms. Many of the data obtained in the studies described below was derived from experimental mouse models, but studies from humans and natural host species are included where data were available.

MALARIA

Malaria, caused by infection with unicellular protozoan Plasmodium parasites, is an important infectious disease of humans and animals that inflicts significant morbidity and mortality in tropical and sub-tropical regions throughout the world. Infections are transmitted through the deposition of sporozoite parasite stages into the skin via the bite of infected mosquito vectors. These then travel via the bloodstream to the liver, where they infect hepatocytes and undergo morphological change and replication before subsequently infecting erythrocytes. The parasites then undergo extensive cycles of replication and infection in erythrocytes leading to anemia. During the erythrocytic stage of malaria infection, IFNγ production from CD4+ Th1-cells and CD4+ T-cell help for the B-cell response are each required for effective control and elimination of the parasitaemia. The actions of CD4+ T cells are also important for controlling the pre-erythrocytic stages of infection through the activation of parasite-specific CD8+ T cells [for in-depth review see (5)]. However, excessive inflammatory responses in response to malaria infection can also lead to significant immunopathology.

Effects of Malaria on Helminth Co-infection

Malaria patients in endemic regions are often co-infected with soil-transmitted helminths. Following infection of the mammalian host the larval stages of certain parasitic helminth species migrate to the lungs of the host where they cause pathology. The larvae typically induce strong pulmonary Th2 immune responses and are accompanied by the induction of alternatively activated macrophages. The combined actions of these immune responses are considered to help mediate parasite clearance and the repair of host tissues. In BALB/c mice infected with hookworms parasites such as Nippostrongylus brasiliensis, the development of a Th2-polarized immune response to the hookworm infection was impaired in those co-infected with P. chabaudi chabaudi malaria parasites. This effect also coincided with the reduced expression of alternatively activated macrophage-derived factors in the lung such as chitinase and resistin family members (6). Similarly, in a separate study the incidence of lung granulomas induced by infection with Litomosoides sigmodontis microfilariae was reduced in mice co-infected with either P. chabaudi or P. yoelii malaria parasites (7). These experimental mouse studies suggest that malaria infection can negatively impact on the ability of the host to induce a Th2-polarized specific immune response to co-infection with helminths. How malaria infection mediates these effects is not known. Further experiments are clearly necessary to determine whether they are a consequence of direct effects of the malaria parasites themselves or are an indirect consequence of the induction of a strong Th1-polarized immune response/cytokine milieu in response to the malaria infection.

Effects of Helminth co-infection on Malaria

Co-infections with parasites such as helminths may also have a significant impact on malaria pathogenesis and susceptibility (8). In mice infected with N. brasiliensis 2 weeks before subsequent infection with P. berghei malaria parasites, the induction of a malaria-driven Th1 cytokine response was impeded, affecting the activation phenotype of the macrophages in the lung (8). Helminth infections can promote the secretion of IL-10 by regulatory T cells (9, 10), and this can downregulate the expression of pro-inflammatory cytokines such as IL-12p70 and IFNγ. Since IFNγ plays an important role in protective immunity to P. falciparum infection, it is plausible that expression of an anti-inflammatory cytokine milieu during helminth infection might exacerbate malaria pathogenesis and susceptibility. In support of this hypothesis, co-infection of mice with the hookworm parasite N. brasiliensis was reported to impede the induction of a pro-inflammatory classically activated macrophage phenotype in the lungs of mice subsequently infected with malaria parasites (8). The induction of an effective Th1 response to P. berghei infection was similarly reduced in mice co-infected with schistosomes (S. mansoni). As a consequence, the co-infected mice were less able to control the malaria infection, displaying increased parasitemias during the early phase of P. berghei infection and increased fatality (11). Mice chronically infected with the gastrointestinal helminth pathogen Heligmosomoides polygyrus before a subsequent P. chabaudi AS infection likewise displayed reduced immunity to the bloodstream stage of malaria infection, including decreased production of IFNγ and malaria-specific Th1-associated IgG2a antibody production (12).

Parasite co-infections may also affect the magnitude of the pathology that develops in host tissues. For example, an exacerbation of immunopathology during P. chabaudi infection was observed in mice co-infected with L. sigmodontis microfilariae (13). The incidence of pathology in the co-infected mice was found to be associated with the absence of microfilaraemia. This implies that the presence of the microfilariae stimulates an immunomodulatory response in the host that can partially protect against severe malaria (13). However, helminth co-infections may differentially regulate murine malarial infections in a malaria strain-dependent way. For example, co-infection of mice with L. sigmodontis impaired the development of lesions in the kidneys caused by infection with either P. chabaudi or P. yoelii. However, the peak of malaria parasitaemia was decreased in mice co-infected P. yoelii, but not in those co-infected with P. chabaudi (7). Conversely, the growth of P. yoelii in the liver was inhibited in mice co-infected with S. mansoni, and malaria parasite gametocyte infectivity was much reduced (14).

Whether co-infections with helminths such as schistosomes can modulate susceptibility to malaria in humans is uncertain, but an experimental study in baboons (Papio anubis) suggests that this also plausible. This study showed that the baboons that were chronically infected with S. mansoni had significantly lower P. knowlesi malaria parasite burdens and were protected from anemia (15). A study of Senegalese children similarly showed that those with light S. haematobium infection had lower burdens of P. falciparum when compared to those that weren't co-infected with schistosomes (16). The mechanisms responsible for mediating these effects are not known. It is possible that the reduced levels of regulatory T cells or a Th2-polarized cytokine milieu in S. haematobium infected children may provide protection against falciparum malaria by modulating systemic expression of Th1 cytokines (17).

Effects of Parasite co-infection on Experimental Cerebral Malaria

Severe forms of malaria are leading causes of mortality in infected children and pregnant mothers, presenting as cerebral malaria, severe anemia, or acidosis (18). The sequestration of malaria parasites across the blood-brain barrier leads to the influx of immune lymphocytes and leukocytes into the brain, particularly parasite-specific CD8+ T cells, which ultimately leads to the development of neuropathology. Studies using a murine experimental cerebral malaria (ECM) model show that co-infection with Chikungunya virus can impede the sequestration of malaria parasites into the brain and provide some protection against ECM (19). In this model co-infection system, the malaria parasite-specific pathogenic CD8+ T cells appeared to be retained in the spleens of mice co-infected with Chikungunya virus due to their reduced expression of the CXCR3 chemokine receptor (19). This implied that the reduced early migration of pathogenic CD8+ T cells into the brains of the virus co-infected mice may have impeded the development of ECM and brain pathology.

Systemic co-infection of mice with the schistosomes (S. mansoni) seven weeks before infection with P. berghei malaria parasites was similarly shown to reduce the severity of ECM (11, 20). In this study, protection from ECM was dependent on the relative doses of the parasites used in the co-infections. Here, infection with a high dose of schistosome cercariae resulted in higher protection against ECM when co-infected with a low dose of P. berghei malaria paratites. Conversely, when the mice were co-infected with S. mansoni and a higher dose of P. berghei, the development of ECM was unaffected when compared to mice infected with malaria parasites alone (21). Development of ECM in mice is considered to be Th1-associated. The switch toward a Th2-polarized cytokine profile in the S. mansoni co-infected mice suggests a mechanism by which the effects on ECM pathogenesis may have been mediated. Clearly further experiments are required to specifically confirm the identify of the cellular and molecular factors responsible for these effects. A predominantly Th1-polarized cytokine profile is observed in mice by 4 weeks after S. mansoni infection (before significant egg production occurs). When mice were co-infected with malaria parasites 4 weeks after S. mansoni infection (prior to the onset of the Th1/Th2 switch), no improvements to ECM pathogenesis were observed (20), supporting the hypothesis that a Th2-polarized cytokine response may have a protective role.

Co-infections with the helminth parasites A. lumbricoides and T. trichiura have also been associated with reductions in risk of cerebral malaria in humans (22). However, it is interesting to note that the beneficial effects of T. trichiura were reduced when the individuals were also co-infected with hookworms (22). This study reveals an additional layer of complexity in naturally affected host-species where the outcome on the host of interactions between two parasite species can be modified by the presence of a third. These data emphasize how the relationships between multiple parasite communities in an individual host can significantly affect disease outcomes.

TREMATODES (FLUKES)

Liver Fluke

The liver fluke Fasciola hepatica is highly prevalent in ruminant livestock species, but can also establish infection in a wide range of other mammalian species including humans. Infection of livestock with F. hepatica occurs through the ingestion of pasture contaminated with encysted cercariae. The parasites then migrate through the gut wall and peritoneal cavity to the liver and bile ducts, where they mature and produce large numbers of eggs that are excreted into the environment. In common with many helminth infections, the migrating juvenile parasite stages induce a strong Th2-polarized immune response in the mammalian host. Infection of mice with F. hepatica can down-regulate Th1-responses in vivo, even in IL-4-deficient mice (23) suggesting this is not simply due to the actions of Th2 cells or cytokines. Indeed, the parasites produce a large range of excretory/secretory (ES) molecules that help them to mediate tissue invasion, feeding and immunomodulation (24) including the suppression of IFNγ responses (25).

Bovine tuberculosis (BTB), caused by infection with the bacterium M. bovis is an important pathogen of cattle worldwide and has zoonotic potential. Although some countries have reduced or eliminated BTB, wildlife M. bovis reservoirs and the limitations of diagnostic tests have hindered successful eradication in other regions. The single intradermal comparative cervical tuberculin test (SICCT) and the in vitro IFNγ assay are commonly used to identify M. bovis infected cattle. However, certain parasite co-infections can reduce the sensitivity of these assays. A large-scale epidemiological study in England and Wales showed that in dairy herds with a high incidence of F. hepatica fewer animals were detected as positive reactors against BTB (26). Experiments in cattle confirmed that infection with F. hepatica reduces the sensitivity of the standard BTB tests (SICCT test and IFNγ test) through reduced M. bovis-specific Th1 immune responses (27). However, F. hepatica co-infection did not influence the detection of visible lesions in BTB infected cows (28). These data clearly show how the immunomodulatory effects of F. hepatica on the bovine host can reduce the sensitivity of current pre-mortem BTB tests. This may significantly influence the ability of practical measures to eliminate BTB infections in regions with high prevalence of F. hepatica.

Despite the reduced M. bovis-specific Th1 immunity in cows co-infected with F. hepatica, mycobacterial burdens were shown to be reduced (29). The mechanisms responsible for this are uncertain, but the authors proposed that the actions of alternatively-activated macrophages induced in response to F. hepatica infection may act to limit the proliferation of M. bovis.

In sheep, infections with the liver flukes Dicrocoelium dentriticum or F. hepatica can predispose the ewes to mastitis in the immediate post-partum period (30). Abnormal metabolism of carbohydrates during the later stages of pregnancy in ewes can cause pregnancy toxemia. This disease is associated with hyperketonaeimia, and blood concentrations of the ketone body β-hydroxybutyrate can help detect ewes at risk of developing pregnancy toxemia. Higher concentrations of β-hydroxybutyrate were recorded in trematode-infected ewes (30). Since β-hydroxybutyrate may have immunomodulatory effects, the authors hypothesized that its increased levels in infected ewes may suppress immunity in the udder enhancing the risk of infection at this site (30). This has raised the hypothesis that the use of anthelmintic drugs may also help reduce the incidence of mastitis in trematode-affected flocks.

Finally, infection with the human liver fluke Opisthorchis viverrini is endemic in the Greater Mekong sub-region. This fluke is classified as a group 1 carcinogen by the International Agency for Research on Cancer because chronic infections with O. viverrini can lead to the development of cholangiocarcinoma, a malignant cancer of the bile ducts. In areas of Thailand where flukes are endemic, the Gram-negative bacterium Helicobacter pylori was found in 66.7% of the patients studied that had cholangiocarcinoma (31). This raised the hypothesis that co-infections with H. pylori and with O. viverrini synergistically increases the severity of hepatobiliary abnormalities. Indeed, in an experimental hamster model the severity of the hepatobiliary abnormalities was increased in those that were co-infected with O. viverrini (32).

Effects on Schistosome (Blood Fluke) Infections

Infections with schistosomes cause chronic inflammatory disease in humans and animals. The diseases they cause can lead to the development of severe pathology, significant morbidity, and economic loss. Schistosomes are transmitted through the skin via contact with infected water sources inhabited by the snail vector. The parasites establish chronic infections in the mammalian host's bloodstream where they mature, mate, and produce substantial quantities of eggs. The eggs enter the intestines and bladder where they are excreted via feces and urine. Deposition of the eggs in host tissues can cause chronic inflammation, tissue damage and fibrosis. Schistosomes typically induce a Th2-polarized immune response in the mammalian host that enables them to establish chronic infections where they can persist for years (33).

Experiments in mice have shown that a gastrointestinal nematode infection can influence the pathogenesis of a subsequent schistosome infection. A chronic Trichuris muris infection within the large intestine enhanced the survival and migration of S. mansoni schistosomula to the portal system. Consequently, schistosome worm and egg burdens and associated pathology were enhanced when compared to mice infected with S. mansoni alone (34). This suggests that the immunomodulatory effects elicited in the mucosa of the large intestine to enable the gastrointestinal helminth to establish chronic infection can extend to other host tissues. This may exacerbate host susceptibility to subsequent co-infection with other helminth parasites. A similar effect has been reported to occur in a naturally-affected livestock species. A longitudinal study of free-ranging African buffalo reported that animals infected with Cooperia fuelleborni had greater burdens of schistosomes (Schistosoma mattheei) than those where this nematode species was not detected (35). The mechanisms that mediate these effects in the co-infected animals remain to be determined. This could simply represent host variation in susceptibility to gastrointestinal nematodes. However, since infection of cattle with the related gastrointestinal nematode species C. oncophora enhanced their susceptibility to lungworm (Dictyocaulus viviparus) infection (36), it is plausible that nematode-mediated effects on the buffalo immune response may similarly impede the establishment of immunity to schistosomes.

However, it is important to note that data from mouse studies show that differences in the species of the co-infecting parasite may have contrasting effects on schistosome infections (34, 37). The gastrointestinal helminth H. polygyrus establishes infection specifically within the murine duodenum. In mice infected with H. polygyrus a marked reduction in schistosome egg-induced hepatic pathology was observed. This effect appeared to correlate with significant decreases in the expression of pro-inflammatory cytokines responsible for the induction of the egg-induced immunopathology (37). Thus, although co-infection with gastrointestinal helminths may significantly impact on schistosomiasis, the currently available data do not help us to reliably predict whether they are likely to exacerbate or reduce the disease pathogenesis.

TRYPANOSOMES

African Trypanosomes

African trypanosomes are single-cell extracellular hemoflagellate protozoan parasites and are transmitted between mammalian hosts via blood-feeding tsetse flies of the genus Glossina. The Trypanosoma brucei rhodesiense and T. b. gambiense subspecies cause human African trypanosomiasis in endemic regions within the tsetse fly belt across sub-Saharan Africa. Animal African trypanosomiasis is caused by T. congolense, T. vivax, and T. brucei and inflicts substantial economic strains on the African livestock industry. The parasitic life cycle within the mammalian host is initiated by the intradermal injection of metacyclic trypomastigotes by the tsetse fly vector. The extracellular parasites then reach the draining lymph nodes, presumably via invasion of the afferent lymphatics and then disseminate systemically (38, 39). During this process the metacyclic trypanosome forms differentiate into long slender bloodstream forms that are adapted for survival within the mammalian host. When C57BL/6 mice are infected with T. brucei the initial parasitaemic wave coincides with the expression of high levels of IFNγ by the host in an attempt to control the infection. However, the trypanosomes also cause significant immunosuppression enabling them to establish chronic infections in the hostile environment of the host's bloodstream.

A study has shown that the severity of malaria and trypanosomiasis was exacerbated in mice co-infected with P. berghei and T. brucei (40). In the co-infected mice survival rates were reduced and the parasitaemias were greater, with more severe anemia and hypoglycaemia. Each of these infections induces a strong pro-inflammatory response with high levels of IFNγ. Further studies are necessary to determine whether additive/synergistic effects of each infection on IFNγ expression are responsible for the increased disease severity observed in the co-infected mice.

Trypanosome infections may also modulate host susceptibility to infection with some pathogenic bacteria. For example, in mice chronically-infected with either Brucella melitensis, B. abortus, or B. suis, the burden of bacteria in the spleen was reduced if the mice were also co-infected with T. brucei (41). The effects of T. brucei infection on Brucella burdens in co-infected mice were impeded in the absence of functional IL-12p35/IFNγ signaling. This suggests that the strong pro-inflammatory IFNγ-mediated immune response induced by the T. brucei infection aided the clearance of Brucella. Thus, although infections with T. brucei can induce significant levels of immunosuppression and immunopathology, this study shows that under some circumstances the host's response to T. brucei infection may provide protection against co-infection with other pathogens (41). However, this not true for all pathogenic bacteria. Although Th1 responses are essential for protection against Mycobacterium tuberculosis, T. brucei infection did not ameliorate the susceptibility of mice to co-infection with this pathogenic bacterium (41).

T. cruzi

Infection with the obligate intracellular parasite T. cruzi causes Chagas' disease and is an important cause of morbidity and mortality in humans in Central and South America (42). Concurrent infection of mice with S. mansoni can significantly affect disease pathogenesis and susceptibility following infection with T. cruzi (43). The co-infected mice were shown to be unable to effectively control the T. cruzi infection, and the increased parasitic load was accompanied by substantial inflammation in their livers. Infections with T. cruzi are associated with the establishment of a Th1-polarized immune response, and the production of macrophage-derived NO from arginine by inducible NO synthetase (iNOS) is important for parasite clearance. However, during the chronic phase of schistosomiasis high levels of arginase-1 are instead expressed by alternatively activated macrophages. In the S. mansoni co-infected mice, the reduced protection against T. cruzi coincided with the reduced production of IFN-γ and NO (43). This study illustrates how macrophage polarity and the relative expression levels of iNOS and arginase-1 in response to infection with one parasite could influence the host's ability to co-infection with other parasites.

APICOMPLEXAN PARASITES

Toxoplasma gondii

T. gondii is an orally-acquired obligate intracellular protozoan parasite affecting ~30% of the human population. Following oral infection, the parasites typically disseminate systemically and convert into dormant stages in muscle tissues and the brain. Infection with T. gondii elicits a strong Th1-polarized immune response characterized by production of IFNγ, IL-12, and parasite specific IgG2a antibodies. Studies in mice suggest these responses are important for host protection. Infections are typically asymptomatic in immunocompetent humans, but can reactivate in immunocompromised individuals and result in the development of a life-threatening encephalitis.

Although a study has shown that gastrointestinal helminth (H. polygyrus) co-infection did not affect the induction of a protective Th1 response to T. gondii infection (44), the Th2-response to the H. polygyrus infection was impeded. Co-infection with T. gondii in these mice was instead accompanied by a shift toward a non-protective helminth-specific Th1 response (44). Conversely, separate studies have shown that H. polygyrus co-infection can negatively impact upon CD8+ T cell differentiation and cytokine production in response to T. gondii infection (45, 46). Conventional dendritic cells from the H. polygyrus co-infected mice also had reduced expression of IL-12 (46). The reasons for the contrasting outcomes in these two studies are not immediately apparent, but are perhaps explained by important differences in their experiment design. In the first study (44), the mice were first infected with T. gondii and 14 days later orally co-infected with H. polygyrus. However, in the other studies (45, 46), the mice were first infected with H. polygyrus and subsequently co-infected with T. gondii parasites.

Although further experiments are necessary to confirm the cellular and molecular mechanisms that underpin these effects, these studies suggest that differences in the order and timing of the infections with two distinct oral pathogens, can significantly influence the host's response to the second. In particular these data imply that the presence of a strong Th1-polarized immune response to an ongoing T. gondii infection can impede the development of Th2-polarized immune responses to a subsequent helminth co-infection (44). However, the induction of CD8+ T-cell responses against T. gondii co-infection is impeded in the presence of an existing Th2-polarized immune response to a gastrointestinal helminth infection.

Eimeria

Eimeria tenella is a major pathogen of chickens causing intestinal coccidiosis. Infection with E. tenella is restricted to the caecum and causes significant morbidity and mortality, including diarrhea, mucosal lesions and weight loss. The prevalence of E. tenella and T. gondii is widespread, suggesting co-infections with these two pathogens may be common. The effect of co-infection of chickens with Eimeria and T. gondii has been addressed in an experimental study (47). However, the pathology and immune response following co-infection with these parasites did not differ significantly from that observed in chickens infected with Eimeria alone. Co-infection with Eimeria also did not affect the abundance of T. gondii-positive tissue samples or the clinical course of T. gondii infection. Distinct T. gondii strain types have been characterized in Europe and North America (type I, II, and III) and these can significantly influence the virulence and severity of the disease in different host species (48). For example, chickens are generally considered refractory to infection with type I or II oocysts (49, 50), but they may cause severe disease in other host species such as mice (51). Whereas, co-infection of chickens with two common apicomplexan parasites did not reveal any significant mutual effects on disease pathogenesis (47), a study of wild rabbits in Scotland suggested a link between T. gondii infection and higher burdens of E. stiedae (52). Whether differences in the virulence of T. gondii infection in different host species could have a significant impact on their susceptibility to co-infection with other pathogens remains to be determined. Of course, the possibility also cannot be excluded that the rabbits with high Eimeria burdens had high susceptibility to orally-acquired parasite infections.

Giardia

Infection with Giardia duodenalis (syn. G. intestinalis, or G. lamblia) is a leading cause of waterborne diarrhoeal disease. The characteristic signs of Giardiasis include diarrhea, abdominal pain, nausea, vomiting, and anorexia, with some individuals also developing extra-intestinal and post-infectious complications. Little is currently known of the effects of parasite co-infections on susceptibility to giardiasis. A study of 3 year old children in the Quininde district of Ecuador has shown that those co-infected with the gastrointestinal helminth A. lumbricoides had plasma cytokine profiles indicative of an increased Th2/Th1 cytokine bias, and significantly lower plasma levels of IL-2 and TNF-α when compared to those infected with G. lamblia alone (53). Studies from mouse models have shown that expression of TNF-α is essential for resistance to G. lamblia infection (54). Little is known of the mechanisms that are essential for protection of humans against Giardia infections. However, it is plausible that the effects of Ascaris infection on TNF-α expression may have negatively affected the ability of the children to eradicate Giardia.

EFFECTS ON BACTERIAL INFECTIONS

Effects on Salmonella Pathogenesis

Oral infections with the Gram negative bacterium Salmonella, through consumption of contaminated food such as meat, eggs, or milk are amongst the most common causes of diarrhea. Co-infections with distinct parasites, helminths, and malaria parasites, have each been shown to exacerbate susceptibility to, or the pathogenesis of, salmonellosis.

Many of the examples discussed above have suggested a link between the induction of a Th2-polarized immune response to helminth infection and the reduced development of Th1-polarized immunity to co-infection with other pathogens. However, co-infection of mice with the gastrointestinal helminth H. polygyrus has also been shown to enhance the pathogenesis of infection with Salmonella enterica serovar Typhimurium independently of the actions of Th2 cells and regulatory T cells (55). Here, co-infection with H. polygyrus has been reported to disrupt the metabolic profile within the small intestine, and by doing so, directly affect the invasive capacity of S. typhimurium. This helminth infection was shown to mediate this effect through the enhancement of bacterial expression of Salmonella pathogenicity island 1 (SPI-1) genes (55). This study reveals a novel immune system-independent mechanism by which a helminth-modified metabolome in the host's intestine can promote susceptibility to bacterial co-infection.

Invasive nontyphoid Salmonella (NTS) bacteraemia is a common cause of community-acquired bacteraemia in the human populations of several regions of sub-Saharan Africa (56). Associations between NTS co-infection and high malaria mortality have been reported (57), and a study of hospitalized children in north-eastern Tanzania showed that a decline in malaria cases was associated with a similar decline in the incidence of NTS and other forms of bacteraemia (58).

Since malaria parasites establish infection within erythrocytes, the daily rounds of parasite replication within these cells can cause high levels of erythrocyte lysis and haemolysis, resulting in anemia. The association of NTS infection with haemolysis is well-established in humans with malaria, especially in patients with severe malarial anemia (59). This haemolysis releases large quantities of cell-free haeme which is toxic to the host. To counter this cytotoxicity, haeme oxygenase 1 (HO-1) expression is induced to degrade the haeme and provide tolerance toward some of the pathological consequences of malaria infection. The actions of HO-1 also provide an additional cytoprotective role by limiting the production of reactive oxygen species (60). However, data from mice (61) and from the analysis of neutrophils from malaria-infected children (62) show that the actions of HO-1 in granulocytes in response to haemolysis during malaria infection impedes their oxidative burst activity and production of reactive oxygen species. This leads to dysfunctional granulocyte mobilization and long-term neutrophil dysfunction. As a consequence, Salmonella are able to survive and proliferate within neutrophils during malaria infection due to their decreased oxidative burst activity, leading to increased NTS susceptibility (61, 62). These data clearly show how a host-induced cytoprotective response to one of the pathological consequences of malaria infection (haemolysis) can significantly impair neutrophil-mediated resistance to co-infection with another pathogen.

Mycobacterium tuberculosis

Infection with the obligate intracellular bacterium M. tuberculosis causes tuberculosis (TB), a chronic disease affecting ~2 billion people worldwide. This infection typically affects the lungs, and the majority of individuals infected with M. tuberculosis have latent infections and are asymptomatic. However, data from various clinical studies in humans have raised the hypothesis that helminth co-infections may affect TB susceptibility and the risk of developing latent M. tuberculosis infection, as co-infected patients often displayed more advanced disease (63, 64). Gastrointestinal helminth infections may also modulate susceptibility and/or disease pathogenesis to co-infection with other pathogenic Mycobacteria spp. Infection with M. leprae or M. lepromatis causes leprosy, a chronic granulomatous infectious disease. A study of Indonesian patients infected with M. lepromatis reported that those with gastrointestinal helminth infections (e.g., T. trichiura, Stongyloides sterocalis) similarly presented with more severe types of leprosy (65).

Studies from animal models, especially mice, indicate that protection against TB infection is dependent upon the induction of a strong pro-inflammatory Th1-polarized immune response and production of IFNγ, IL-12, and TNF-α, as well as contribution from Th17 cells and IL-17 and IL-23 (66, 67). The immune response induced by co-infection with gastrointestinal helminths may affect immunity to M. tuberculosis through a range of distinct mechanisms, including the induction of regulatory T cell responses (68), modulation of Th1 and Th17 responses to the bacterial infection and reduced expression of effector cytokines (69–71). The increased expression of Th2 cytokines, especially IL-4, in mice co-infected with helminths also promotes the induction of alternatively activated macrophages. These cells have been shown to be less effective than pro-inflammatory IFNγ-stimulated macrophages in controlling M. tuberculosis (72, 73). Indeed, antigens from helminths such as T. muris and Hymenolepis diminuta (tapeworms) can induce an alternatively activated phenotype in human macrophages, reducing their ability to control M. tuberculosis infection in vitro (74). However, mouse studies show that under some circumstances the acute host response to helminth infection might enhance the early control of M. tuberculosis infection by alveolar macrophages (75).

Although the induction of T cell responses is considered essential for protective immunity against TB infection, B cells, and the production of mycobacterial-specific antibodies have also been proposed to play an important role (76). However, helminth infections can also influence B cell responses to M. tuberculosis infection. Co-infection of humans with Strongyloides stercoralis has been shown to affect B cell responses during latent tuberculosis infection, significantly reducing B cell numbers, the induction of mycobacterial-specific IgM and IgG resopnses and expression levels of the B-cell growth factors APRIL and BAFF (77). These helminth-associated impairments to mycobacteria-specific B cell responses could have significant implications for the efficacy of vaccine-induced immune responses to TB in affected regions. However, a clinical trial study in healthy, previously BCG vaccinated adolescents reported that helminth co-infection (S. mansoni did not impact on the efficacy of a candidate viral vector-based TB vaccine (78).

Pneumonia

A study of goats in Nigeria revealed that the incidence of pneumonia corresponded with the presence of gastrointestinal parasitism in the same animals (79). Furthermore, a strong association was observed between the occurrence of helminth infections and granulomatous pneumonia. In this study the affected goats were often hydrated, implying that the gastrointestinal helminth infections may have caused pulmonary oedema due to increased fluid accumulation in the lung. The authors suggested that may this have reduced the efficacy of immunity in the lung, enabling other pathogenic microorganisms (bacteria and/or viruses) to establish infection and the subsequent development of pneumonia (79).

Pathogenic Escherichia coli

The zoonotic bacterium E. coli O157 is a worldwide problem for public health causing haemorrhagic diarrhea in infected humans. Cattle are considered the major reservoir for human infection, and infection in these animals is usually asymptomatic. A study of 14 British farms suggested that co-infection with the liver fluke F. hepatica may increase the risk of E. coli O157 shedding (80). This implies that strategies aimed at controlling F. hepatica infection may have additional benefit by reducing the shedding of E. coli O157.

Giardia lamblia and enteroaggregative E. coli are two of the most commonly isolated pathogens in malnourished children. Mice fed on a protein-deficient diet were used to model the pathogenesis of co-infection with these pathogens in malnourished individuals (81). The malnourished mice fed a protein-deficient diet exhibited significantly greater weight loss following co-infection with G. lamblia and enteroaggregative E. coli when compared to co-infected mice that received a normal diet. This study reveals how the combined effects of the composition of the host's diet and pathogen infection can affect disease pathogenicity. Studies using a laboratory biofilm system to mimic the human gut microbiota have revealed that G. duodenalis can cause significant dysbiosis. These effects were mediated in part through the actions of secretory-excretory Giardia cysteine proteases, and these could promote gut epithelial cell apoptosis, tight junction disruption, and bacterial translocation across the gut epithelium (82).

Despite the ability of Giardia infection to cause intestinal dysbiosis, in countries with poor standards of sanitation Giardia infection has been associated with decreased incidence of diarrhoeal disease. This raised the hypothesis that infection with Giardia spp. might modulate host responses to co-infection with attaching and effacing enteropathogens. Weight loss, pathological signs of colitis and bacterial colonization and translocation were significantly attenuated in mice co-infected with G. muris and the attaching and effacing enteropathogen Citrobacter rodentium (83). These effects coincided with enhanced secretion of the antimicrobial factors β-defensin 2 and trefoil factor 3 by gut epithelial cells during co-infection (83). This suggests that components of the host response to infection with Giardia spp. (e.g., production of antimicrobial factors) may reduce susceptibility to gastrointestinal co-infection with certain pathogenic bacteria. These studies also highlight how differences in the anatomical niches that the parasites inhabit may also have a significant influence on the disease pathogenesis of a bacterial co-infection. When pathogens infect the same niche such as the gastrointestinal tract, infection with Giardia spp. may provide protection against bacterial co-infection (83). Conversely, infection with F. hepatica in the liver was associated with the enhanced pathogenesis of a bacterial co-infection in the intestine (80).

EFFECTS ON VIRAL INFECTIONS

Several studies have revealed how parasite co-infections, especially helminths, can reduce immunity to important viral pathogens. In many of these instances the induction of a Th2-polarized immune response to the parasite infection appears to impede the development of effective antiviral immunity. For example, mice co-infected with the gastrointestinal helminths Trichinella spiralis or H. polygyrus and mouse norovirus (MNV) had increased viral loads and reduced levels of virus-specific CD4+ T cells expressing IFNγ and TNF-α when compared to mice infected with norovirus alone (84). The production of Th2 cytokines during helminth infection is associated with the expression of the transcription factor signal transducer and activator of transcription 6 (STAT6) by alternatively activated macrophages. In mice deficient in STAT6, viral loads were reduced when compared to wild-type controls indicating that the induction of STAT6-dependent alternatively activated macrophages during helminth infection can impede the induction of antiviral innate and adaptive immunity (85). As well as impeding the efficacy of anti-viral immunity, the expression of IL-4 and activation of the transcription factor STAT6 during helminth infection in mice can also promote the reactivation of a latent γ-herpesvirus infection (85). The sections below describe how parasite co-infections may impede immunity to certain viral pathogens, but examples are also provided where potential host-protective effects have been proposed.

Impeding Viral Immunity

Hepatitis C Virus (HCV)

Infections with HCV can cause liver fibrosis and cirrhosis and are major causes of chronic liver disease throughout the world. A study of Egyptian HCV patients co-infected with S. mansoni showed that these individuals had significantly higher concentrations of HCV proteins in distinct stages of the virus-mediated hepatic fibrosis (86). Co-infected individuals may also have an increased rate of progressing through the different pathological stages of HCV-mediated hepatic fibrosis than those infected with HCV alone. The authors suggested that the immune response induced in response to S. mansoni infection may have led to enhanced HCV propagation and increased concentration of HCV proteins. This implies that that components of the immune response to the schistosome infection may have suppressed the HCV-induced Th1 cytokine production, reducing antiviral immunity. Treatment of co-infected patients with anti-schistosome therapy may therefore help to decrease the progression rate of the HCV-induced hepatic fibrosis.

Human Immunodeficiency Virus (HIV)

African adults infected with HIV are often co-infected with gastrointestinal parasites. A study of HIV-infected Ugandans showed a high prevalence of parasitic infections (especially Necator americanus), and co-infection with hookworms correlated with much lower peripheral blood CD4+ T cell levels than those infected with HIV alone (87). This raises the suggestion that individuals co-infected with hookworms and HIV are at a distinct immunologic disadvantage when compared to those infected with HIV alone. This hypothesis has been experimentally tested in mice using a helminth/retrovirus co-infection model (88). Although the ability of the mice to control the L. sigmodontis infection was not affected in the co-infected mice, helminth infection did interfere with the host's ability to the control of the viral infection. Levels of virus-specific CD8+ T cells, FoxP3+ regulatory T cells, and cytokines were similar in co-infected mice and those infected with Friend virus alone. The increased viral loads in co-infected mice were instead associated with reduced titres of neutralizing virus-specific IgG2b and IgG2c antibodies. However, earlier studies in humans have reported no beneficial effect of antihelminthic treatment on HIV viral loads [plasma HIV-1 RNA concentrations; (89)], and other studies have suggested that helminth co-infections do not exacerbate HIV infection (90). On face value, the prospective studies undertaken in humans suggest that antihelmitic treatments or helminth-specific vaccines are unlikely to have any beneficial effects in regions with high incidence of helminth and HIV infections. However, further studies are necessary to determine whether additional factors such as host age, the intensity of the helminth infection or magnitude of the viral load affect the efficacy of such approaches.

Human T-Cell Lymphotropic Virus-1 (HTLV-1)

Strongyloides stercoralis is a soil-transmitted intestinal helminth parasite of humans. Infection occurs following penetration of the skin by filiform larvae. The majority of S. stercoralis infections are asymptomatic to mild, but a life-threatening hyper-infection syndrome can develop in immunosuppressed hosts. This is accompanied by the massive dissemination of the filariform larvae from the colon to the lungs, liver, central nervous system, or kidneys. Co-infection with HTLV-1 can impede the induction of Th2-polarized immunity (91, 92), and patients infected with HTLV-1 have more frequent and more severe forms of strongyloidiasis. Patients co-infected with HTLV-1 and S. stercoralis were shown to have higher parasite burdens than those with strongyloidiasis alone (93). Mouse models have shown that IL-5-mediated eosinophil production and activation is important for protection against infection with S. stercoralis (94). In patients co-infected with HTLV-1 and S. stercoralis both parasite antigen-specific IL-5 responses and eosinophil levels were significantly decreased, suggesting an additional means by which the virus infection may impede immunity to helminths. However, rare incidences of acute respiratory distress syndrome have been encountered in HTLV-1-infected patients following treatment with antihelminthics (95). The mechanisms responsible for the development of this pathology are unknown, but it is plausible that acute immune reactions to the intrapulmonary destruction of the large parasite burden following antihelminthic treatment may play a role in triggering this response (95).

Vaccinia Virus

A study in BALB/c mice has shown that co-infection with Ascaris in Vaccinia virus-infected hosts enhances the virus-associated pathology due to impaired Vaccinia virus-specific immunity (96). The levels of splenic CD8+ T cells in the co-infected mice were significantly reduced, as was the frequency of IFN-γ-producing virus-specific CD4+ and CD8+ T cells. Similar effects have also been reported in mice co-infected with S. mansoni (97). In this study Vaccinia virus-specific CD8+ cytotoxic T-cell responses were reduced in the mice co-infected with S. mansoni, suggesting a mechanistic link between the increased viral loads and reduced viral clearance. Since many chronic helminth infections induce a strong Th2-polarized immune response, the above examples suggest that the presence of this cytokine milieu at the time of virus co-infection may play an important role in impeding the induction of the IFNγ-mediated control of virus replication.

Respiratory Syncytial Virus (RSV)

In contrast to the above reports, it is plausible that in some circumstances that co-infection with helminths may enhance protection against viruses. Respiratory syncytial virus (RSV) is a major respiratory pathogen, and nearly all infants are infected with this virus by the age of 2 years old. However, because the virus does not induce lasting immunity recurrent RSV infections can occur throughout life. A study has shown how a gastrointestinal helminth infection can promote protective antiviral effects in the lung (98). Mice infected with H. polygyrus had reduced viral loads after co-infection with RSV and developed significantly less disease and pulmonary inflammation. These effects were not a considered to be a consequence of the induction of a Th2-polarized immune response to the worm infection. Instead, H. polygyrus infection coincided with the upregulated expression of type I IFN in the gut and the lung in a microbiota-dependent manner. Furthermore, the protective effects of helminth infection on RSV co-infection were impeded in mice lacking type I IFN receptor signaling (Ifnar1-deficient mice).

Virus Infection in Amphibians

All the above studies have described parasite virus co-infections in mammals or birds, but similar interactions have been reported in experimental amphibians. Prior infection of the larval stages (tadpole) of four distinct amphibian species with trematode parasites (Echinoparyphium spp.) significantly reduced viral loads following co-infection with ranavirus (99). Furthermore, Echinoparyphium co-infection coincided with reduced ranavirus transmission within a community of larval wood frogs (Lithobates sylvaticus). The cellular and molecular mechanisms by which helminth co-infection mediated these effects on ranavirus pathogenesis remain to be determined.

INFECTIONS WITH PRIONS (TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES)

Prions are a unique group of pathogens that can cause infectious, chronic, neurodegenerative diseases in humans and some domesticated and free-ranging animal species. The precise nature of the infectious prion is uncertain, but an abnormal, relatively proteinase-resistant isoform (PrPSc) of the host cellular prion protein (PrPC), co-purifies with prion infectivity in diseased tissues (100). Many natural prion diseases are acquired by oral consumption of contaminated food or pasture. The gut-associated lymphoid tissues (GALT) within the lining of the intestine such as the tonsils, Peyer's patches, appendix, colonic, and caecal patches, together with the mesenteric lymph nodes, help to provide protection against intestinal pathogens. However, the early replication of prions within the Peyer's patches in the small intestine is essential for their efficient spread of from the gut to the brain (a process termed neuroinvasion) (101–104).

Natural prion disease susceptible hosts such as sheep, deer, and cattle are regularly exposed to helminths but it is uncertain whether co-infections with these pathogens can influence oral prion disease pathogenesis, for example by causing damage to the gut epithelium and enhancing the uptake of prions into the GALT. In one study, lambs with high genetic susceptibility to natural sheep scrapie were experimentally co-infected with Teladorsagia circumcincta at monthly intervals from 6 to 11 months old and effects on prion disease determined (105). Although no mechanistic insights were reported, the authors suggested that the onset of prion disease was shortened in the co-infected lambs. However, the significance of data reported in this study is unclear as the animals were co-infected with T. circumcincta long after prion neuroinvasion from the intestine had occurred (106, 107). Conversely, when mice were co-infected with the large intestine-restricted helminth pathogen T. muris around the time of oral prion exposure, no effects on prion disease duration were observed (104). This is most likely because the large intestinal GALT are not important early sites of prion accumulation and neuroinvasion (104). Clearly additional studies are required to determine whether the pathology specifically in small intestine caused by a helminth infection may influence the prion neuroinvasion from the gut to the brain.

CONCLUDING REMARKS

Infectious diseases are commonly studied in experimental animals exposed to individual pathogenic microorganisms. However, this review described many examples of how infection with certain parasites can have a dramatic influence on host susceptibility or disease pathogenesis to co-infection with other pathogens. Many of these studies have reported correlations between alterations to specific immune parameters (T cell polarity etc.) and pathogen susceptibility, raising the hypothesis that many of the effects of co-infection are immune mediated. For example, alterations to the polarity of the T-cell response or macrophage phenotype induced by the parasite infection could affect the induction of protective immunity to co-infection with another pathogen. Further scrutiny of these studies shows that in many instances definitive demonstrations that the effects are indeed immune-mediated are lacking. Addressing these issues in natural host species is technically challenging. However, a large array of murine in vivo tractable systems are now available that enable the contributions of specific cellular and molecular immune components to be determined.

Laboratory mice housed to high microbiological status in specific-pathogen free conditions have proved to be highly tractable model systems in which to study the pathogenesis of many infectious diseases. How representative these mice are to natural host species in field conditions is questionable, since wild mice are typically infected with numerous micro- and macro-parasite species. The immune status of laboratory mice and wild mice differs significantly (108). Wild mice are markedly more antigen-experienced than laboratory mice, displaying on-going immune activation and the presence of an inflammatory myeloid cell subset that has not been detected in laboratory mice. Wild mice also express cytokine responses to microbial ligands that are similar or lower when compared to laboratory mice, and have highly heterogeneous gut microbiomes (108, 109). This suggests that the high level of pathogen exposure is a major driver of the enhanced immune activation in wild mice.

Many of the above examples suggest links between alterations to Th2/Th1 polarity or the nature of the innate immune response and susceptibility to pathogen co-infection. However, the underlying rules that dictate whether these interactions are likely to confer increased susceptibility or protection are not always apparent and are likely influenced by multiple factors. For example, susceptibility to these co-infections may be dependent on the individual niches that each pathogen inhabits in the host e.g., the same niche, or mucosal (gastrointestinal) vs. systemic. In other situations, the induction of a strong pro-inflammatory response to a parasite infection may exacerbate susceptibility and/or pathology following co-infection with another pathogen that induces a similar pro-inflammatory response. Chronic helminth infection in mice also promoted the reactivation of a latent virus infection. But not all the effects on co-infection appear to be directly immune mediated, as disruptions to the metabolic profile within the gastrointestinal tract following helminth infection promoted susceptibility to co-infection with certain pathogenic bacteria. As well as influencing host susceptibility to pathogen co-infection, the immune response to certain parasite infections may have other important health issues by negatively affecting the induction of antigen-specific immunity to vaccine antigens, reducing vaccine efficacy.

A greater understanding of how infectious disease susceptibility and pathogenesis are influenced by concurrent parasite infections will help the design of more effective treatments to control the spread of infectious diseases. For example, some helminth-derived ES products possess potent immunoregulatory properties, and these could be sufficient to suppress allograft rejection (110). Whether similar parasite-derived molecules can suppress host-responses to other pathogens, or conversely can be used therapeutically to enhance their clearance, remains to be determined.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.

FUNDING

This work was supported by project and Institute Strategic Programme Grant funding from the Biotechnology and Biological Sciences Research Council (grant numbers BB/G003947/1 and BBS/E/D/20002174).

REFERENCES

 1. Inclan-Rico JM, Siracusa MC. First responders: innate immunity to helminths. Trends Parasitol. (2018) 34:861–80. doi: 10.1016/j.pt.2018.08.007

 2. Allen JE, Maizels RM. Diversity and dialogue in immunity to helminths. Nat Rev Immunol. (2011) 11:375–88. doi: 10.1038/nri2992

 3. Gerbe F, Sidot E, Smyth DJ, Ohmoto M, Matsumoto I, Dardalhon V, et al. Intestinal epithelial tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature (2016) 529:226–30. doi: 10.1038/nature16527

 4. Langhorne J, Ndungu FM, Sponaas AM, Marsh K. Immunity to malaria: more questions than answers. Nat Immunol. (2008) 9:725–32. doi: 10.1038/ni.f.205

 5. Perez-Mazliah D, Langhorne J. CD4 T-cell subsets in malaria: TH1/TH2 revisited. Front Immunol. (2015) 5:671. doi: 10.3389/fimmu.2014.00671

 6. Hoeve MA, Mylonas KJ, Fairlie-Clarke KJ, Mahajan SM, Allen JE, Graham AL. Plasmodium chabaudi limits early Nippostrongylus brasiliensis-induced pulmonary immune activation and Th2 polarization in co-infected mice. BMC Immunol. (2009) 10:60. doi: 10.1186/1471-2172-10-60

 7. Karadjian G, Berrebi D, Dogna N, Vallarino-Lhermitte N, Bain O, Landau I, et al. Co-infection restrains Litomosoides sigmodontis filarial load and plasmodial P. yoelii but not P. chabaudi parasitaemia in mice. Parasite (2014) 21:16. doi: 10.1051/parasite/2014017

 8. Craig JM, Scott AL. Antecedent Nippostrongylus infection alters the lung immune response to Plasmodium berghei. Parasite Immunol. (2016) 39:e12441. doi: 10.1111/pim.12441

 9. Hartmann W, Haben I, Fleischer B, Breloer M. Pathogenic nematodes suppress humoral responses to third-party antigens in vivo by IL-10-mediated interference with Th cell function. J Immunol. (2011) 187:4088–99. doi: 10.4049/jimmunol.1004136

 10. Metenou S, Dembele B, Konate S, Dolo H, Coulibaly YI, Diallo AA, et al. Filarial infection suppresses malaria-specific multifunctional Th1 and Th17 responses in malaria and filarial coinfections. J Immunol. (2011) 186:4725–33. doi: 10.4049/jimmunol.1003778

 11. Bucher K, Dietz K, Lackner P, Pasche B, Fendel R, Mordmüller B, et al. Schistosoma co-infection protects against brain pathology but does not prevent severe disease and death in a murine model of cerebral malaria. Int J Parasitol. (2011) 41:21–31. doi: 10.1016/j.ijpara.2010.06.008

 12. Su Z, Segura M, Morgan K, Loredo-Osti JC, Stevenson MM. Impairment of protective immunity to blood-stage malaria by concurrent nematode infection. Infect Immun. (2005) 73:3531–9. doi: 10.1128/IAI.73.6.3531-3539.2005

 13. Graham AL, Lamb TJ, Read AF, Allen JE. Malaria-filaria coninfection in mice makes malarial disease more severe unless filarial infection achieves patency. J Infect Dis. (2005) 191:410–21. doi: 10.1086/426871

 14. Moriyasu T, Nakamura R, Deloer S, Senba M, Kubo M, Inoue M, et al. Schistosoma mansoni infection suprresses the growth of Plasmodium yoelli parasites in the liver and reduces gametocyte infectivity in mosquitoes. PLoS Neglect Trop Dis. (2018) 12:e0006197. doi: 10.1371/journal.pntd.0006197

 15. Nyakundi RK, Nyamongo O, Maamun J, Akinyi M, Mulei I, Farah IO, et al. Protective effect of chronic schistosomiasis in baboons coinfected with Schistosoma mansoni and Plasmondium knowlesi. Infect Immun. (2016) 84:1320–30. doi: 10.1128/IAI.00490-15

 16. Lemaitre M, Watier L, Briand V, Garcia A, Le Hesran JY, Cot M. Coinfection with Plasmodium falciparum and Schistosoma haematobium: additional evidence of the protective effect of schistosomiasis on malaria in Senegalese children. Am J Trop Med Hyg. (2014) 90:329–34. doi: 10.4269/ajtmh.12-0431

 17. Lyke KE, Dabo A, Arama C, Daou M, Diarra I, Wang A, et al. Reduced T regulatory cell response during acute Plasmodium falciparum infection in Malian children co-infected with Schistosoma haematobium. PLoS ONE (2012) 7:e31647. doi: 10.1371/journal.pone.0031647

 18. Cunnington AJ, Walther M, Riley EM. Piecing together the puzzle of malaria. Sci Trans Med. (2013) 5:211–8. doi: 10.1126/scitranslmed.3007432

 19. Teo T-H, Howland SW, Claser C, Gun SY, Poh CM, Lee WW, et al. Conversely, co-infection with Chikungunya virus alters the trafficking of pathogenic CD8+ T cells into the brain and prevents Plasmodium-induced neuropathology. EMBO Mol Med. (2018) 10:121–38. doi: 10.15252/emmm.201707885

 20. Waknine-Grinberg JH, Gold D, Ohayon A, Flescher E, Heyfets A, Doenhoff MJ, et al. Schistosoma mansoni infection reduces the incidence of murine cerebral malaria. Malaria J. (2010) 9:5. doi: 10.1186/1475-2875-9-5

 21. Wang ML, Feng YH, Pang W, Qi ZM, Zhang Y, Guo YJ, et al. Parasite densities modulate susceptibility of mice to cerebral malaria during co-infection with Schistosoma japonicum and Plasmodium berghei. Malaria J. (2014) 13:116. doi: 10.1186/1475-2875-13-116

 22. Abbate JL, Ezenwa VO, Guégan JF, Choisy M, Nacher M, Roche B. Disentangling complex parasite interactions: protection against cerebral malaria by one helminth species is jeopardized by co-infection with another. PLoS Neglect Trop Dis. (2018) 12:e0006483. doi: 10.1371/journal.pntd.0006483

 23. O'Neill SM, Brady MT, Callanan JJ, Mulcahy G, Joyce P, Mills KH, et al. Fasciola hepatica infection downregulates Th1 responses in mice. Parasite Immunol. (2000) 22:147–55. doi: 10.1046/j.1365-3024.2000.00290.x

 24. Lucena AN, Cuatero LG, Mulcahy G, Zintl A. The immunomodulatory effects of co-infection with Fasciola hepatica: from bovine tuberculosis to Johne's disease. Vet J. (2017) 222:9–16. doi: 10.1016/j.tvjl.2017.02.007

 25. O'Neill SM, Mills KH, Dalton JP. Fasciola hepatica cathepsin L cysteine proteinase suppresses Bordatella pertussis-specific interferon-gamma production in vivo. Parasite Immunol. (2001) 23:541–7. doi: 10.1046/j.1365-3024.2001.00411.x

 26. Claridge J, Diggle P, McCann CM, Mulcahy G, Flynn R, McNair J, et al. Fasciola hepatica is associated with the failure to detect bovine tuberculosis in dairy cattle. Nat Commun. (2012) 3:853. doi: 10.1038/ncomms1840

 27. Flynn RJ, Mannion C, Golden O, Hacariz O, Mulcahy G. Experimental Fasciola hepatica infection alters responses to tests used for diagnosis of bovine tuberculosis. Infect Immun. (2007) 75:1373–81. doi: 10.1128/IAI.01445-06

 28. Byrne AW, Graham J, Brown C, Donaghy A, Guelbenzu-Gonzalo M, McNair J, et al. Bovine tuberculosis visible lesions in cattle culled during herd breakdowns: the effects of individual characteristics trade movement and co-infecion. BMC Vet Res. (2017) 13:400. doi: 10.1186/s12917-017-1321-z

 29. Garza-Cuartero L, O'Sullivan J, Blanco A, McNair J, Welsh M, Flynn RJ, et al. Fasciola hepatica infection reduces Mycobacterium bovis burden and mycobacterial uptake and suppresses the pro-inflammatory response. Parasite Immunol. (2016) 38:387–402. doi: 10.1111/pim.12326

 30. Mavrogianni VS, Papadopoulos E, Spanos SA, Mitsoura A, Ptochos S, Gougoulis DA, et al. Trematode infections in pregnant ewes can predispose to mastitis during the subsequent lactation period. Res Vet Sci. (2014) 96:171–9. doi: 10.1016/j.rvsc.2013.11.009

 31. Boonyanugomol W, Chomvarin C, Sripa B, Bhudhisawasdi V, Khuntikeo N, Hahnvajanawong C, et al. Helicobacter pylori in Thai patients with cholangiocarcinoma and its association with biliary inflammation and proliferation. HPB (2012) 14:177–84. doi: 10.1111/j.1477-2574.2011.00423.x

 32. Dangtakot R, Pinlaor S, Itthitaetrakool U, Chaidee A, Chomvarin C, Sangka A, et al. Coinfection with Helicobacter pylori and Opisthorchis viverrini enhances the severity of hepatobiliary abnormalities in hamsters. Infect Immun. (2017) 85:e00009–19. doi: 10.1128/IAI.00009-17

 33. Pearce EJ, MacDonald AS. The immunobiology of schistosomiasis. Nat Rev Immunol. (2002) 2:499–511. doi: 10.1038/nri843

 34. Bickle QD, Solum J, Helmby H. Chronic intestinal nematode infection exacerbates experimental Schistosoma mansoni infection. Infect Immun. (2008) 76:5802–9. doi: 10.1128/IAI.00827-08

 35. Beechler BR, Jolles AE, Budischak SA, Corstjens PLAM, Ezenwa VO, Smith M, et al. Host immunity, nutrition and coinfection alter longitudinal infection patterns of schistosomes in a free ranging African buffalo population. PLoS Neglect Trop Dis. (2017) 11:e0006122. doi: 10.1371/journal.pntd.0006122

 36. Kloosterman A, Frankena K, Ploeger HW. Increased establishment of lungworms (Dictyocaulus viviparus) in calves after previous infections with gastrointestinal nematodes (Ostertagia ostertagi and Cooperia oncophora). Vet Parasitol. (1989) 33:155–63. doi: 10.1016/0304-4017(89)90063-0

 37. Bazzone LE, Smith PM, Rutitzky LI, Shainheit MG, Urban JF, Setiawan T, et al. Coinfection with the intestinal nematode Heligmosomoides polygyrus markedly reduces hepatic egg-induced immunopathology and proinflammatory cytokines in mouse models of severe schistosomiasis. Infect Immun. (2008) 76:5164–72. doi: 10.1128/IAI.00673-08

 38. Tabel H, Wei G, Bull HJ. Immunosuppression: cause for failures of vaccines against African trypanosomiases. PLoS Neglect Trop Dis. (2013) 7:e2090. doi: 10.1371/journal.pntd.0002090

 39. Caljon G, Van Reet N, De Trez C, Vermeersch M, Pérez-Morga D, Van Den Abbeele J. The dermis as a delivery site of Trypanosoma brucei for tsetse flies. PLoS Pathog. (2016) 12:e1005744. doi: 10.1371/journal.ppat.1005744

 40. Ademola IO, Odeniran PO. Co-infection with Plasmodium berghei and Trypanosoma brucei increases severity of malaria and trypanosomiasis in mice. Acta Trop. (2016) 159:29–35. doi: 10.1016/j.actatropica.2016.03.030

 41. Machelart A, Van Vyve M, Potemberg G, Demars A, De Trez C, Tima HG, et al. Trypanosoma infection favors Brucella elimination via IL-12/IFNγ-dependent pathways. Front Immunol. (2017) 8:903. doi: 10.3389/fimmu.2017.00903

 42. Teixeira AR, Hecht MM, Guimaro MC, Sousa AO, Nitz N. Pathogenesis of Chagas' disease: parasite persistence and autoimmunity. Clin Microbiol Rev. (2011) 24:592–630. doi: 10.1128/CMR.00063-10

 43. Rodriguez JPF, Caldas IS, Goncalves V, Almeida LA, Souza RLM, Novaes R. S. mansoni-T. cruzi co-infection modulates arginase-1/iNOS expression, liver and heart disease in mice. Nitric Oxide (2017) 66:43–52. doi: 10.1016/j.niox.2017.02.013

 44. Ahmed N, French T, Rausch S, Kühl A, Hemminger K, Dunay IR, et al. Toxoplasma co-infection prevents Th2 differentiation and leads to a helminth-specific Th1 response. Front Cell Infect Microbiol. (2017) 7:341. doi: 10.3389/fcimb.2017.00341

 45. Khan IA, Hakak R, Eberle K, Sayles P, Weiss LM, Urban JF. Coninfection with Heligmosomoides polygyrus fails to establish CD8+ T-cell immunity against Toxoplasma gondii. Infect Immun. (2008) 76:1305–13. doi: 10.1128/IAI.01236-07

 46. Marple A, Wu W, Shah S, Zhao Y, Du P, Gause WC, et al. Cutting edge: helminth coinfection blocks effector differentiation of CD8 T cells through alternatate host Th2- and IL-10-mediated responses. J Immunol. (2016) 198:634–9. doi: 10.4049/jimmunol.1601741

 47. Hiob L, Koethe M, Schares G, Goroll T, Daugschies A, Bangoura B. Experimental Toxoplasma gondii and Eimeria tenella co-infection in chickens. Parasitol Res. (2017) 116:3189–203. doi: 10.1007/s00436-017-5636-2

 48. Xiao J, Yolken RH. Strain hypothesis of Toxoplasma gondii infection on the outcome of human disease. Acta Physiol. (2015) 213:828–45. doi: 10.1111/apha.12458

 49. Dubey JP, Ruff MD, Camargo ME, Shen SK, Wilkins GL, Kwok OC, et al. Serologic and parasitologic responses of domestic chickens after oral inoculation with Toxoplasma gondii oocysts. Am J Vet Res. (1993) 54:1668–72.

 50. Kaneto CN, Costa AJ, Paulillo AC, Moraes FR, Murakami TO, Meireles MV. Experimental toxoplasmosis in broiler chicks. Vet Parasitol. (1997) 69:203–10. doi: 10.1016/S0304-4017(96)01126-0

 51. Saeij JP, Boyle JP, Boothroyd JC. Differences among the three major strains of Toxoplasma gondii and their specific interactions with the infected host. Trends Parasitol. (2005) 21:476–81. doi: 10.1016/j.pt.2005.08.001

 52. Mason S, Dubey JP, Smith JE, Boag B. Toxoplasma gondii coinfection with diseases and parasites in wild rabbits in Scotland. Parasitology (2015) 142:1415–21. doi: 10.1017/S003118201500075X

 53. Weatherhead J, Cortes AA, Sandoval C, Vaca M, Chico M, Loor S, et al. Comparison of cytokine responses in Ecuadorian children infected with Giardia, Ascaris, or both parasites. Am J Trop Med Hyg. (2017) 96:1394–9. doi: 10.4269/ajtmh.16-0580

 54. Zhou P, Li E, Shea-Donohue T, Singer SM. Tumour necrosis factor α contributes to protection against Giardia lamblia infection in mice. Parasite Immunol. (2007) 29:367–74. doi: 10.1111/j.1365-3024.2007.00953.x

 55. Reynolds LA, Redpath SA, Yurist-Doutsch S, Gill N, Brown EM, van der Heijden J, et al. Enteric helminths promote Salmonella coninfection by altering the intestinal microbiome. J Infect Dis. (2017) 215:1245–54. doi: 10.1093/infdis/jix141

 56. Morpeth SC, Ramadhani HO, Crump JA. Invasive non-Typhi Salmonella disease in Africa. Clin Infect Dis. (2009) 49:606–11. doi: 10.1086/603553

 57. Berkley JA, Bejon P, Mwangi T, Gwer S, Maitland K, Williams TN, et al. HIV infection, malnutrition, and invasive bacterial infection among children with severe malaria. Clin Infect Dis. (2009) 49:336–43. doi: 10.1086/600299

 58. Mtove G, Amos B, Nadjm B, Hendriksen IC, Dondorp AM, Mwambuli A, et al. Decreasing incidence of severe malaria and community-acquired bacteraemia among hospitalized children in Muhesa, north-eastern Tanzania, 2006–2010. Malaria J. (2011) 10:320. doi: 10.1186/1475-2875-10-320

 59. Mabey DC, Brown A, Greenwood BM. Plasmodium falciparum malaria and Salmonella infections in Gambian children. J Infect Dis. (1987) 155:1319–21. doi: 10.1093/infdis/155.6.1319

 60. Gozzelino R, Jeney V, Soares MP. Mechanisms of cell protection by heme oxygenase-1. Ann Rev Pharmacol Toxicol. (2010) 50:323–54. doi: 10.1146/annurev.pharmtox.010909.105600

 61. Cunnington AJ, de Souza JB, Walther M, Riley EM. Malaria impairs resistance to Salmonella through heme- and heme oxygenase-dependent dysfunctional granulocyte mobilization. Nat Med. (2012) 18:120–7. doi: 10.1038/nm.2601

 62. Cunnington AJ, Njie M, Correa S, Takem EN, Riley EM, Walther M. Prolonged neutrophil dysfunction after Plasmodium falciparum malaria is related to hemolysis and heme oxygenase-1 induction. J Immunol. (2012) 189:5336–46. doi: 10.4049/jimmunol.1201028

 63. Resende Co T, Hirsch CS, Toossi Z, Dietze R, Ribeiro-Rodrigues R. Intestinal helminth co-infection has a negative impact on both anti-Mycobacterium tuberculosis immunity and clinical response to tuberculosis therapy. Clin Exp Immunol. (2007) 147:45–52. doi: 10.1111/j.1365-2249.2006.03247.x

 64. Verhagen LM, Hermans PW, Warris A, de Groot R, Maes M, Villalba JA, et al. Helminths and skewed cytokine profiles increase tuberculin skin test positivity in Warao Amerindians. Tuberculosis (2012) 92:505–12. doi: 10.1016/j.tube.2012.07.004

 65. Oktaria S, Effendi EH, Indriatmi W, van Hees CLM, Thio HB, Sjamsoe-Daili ES, et al. Soil-transmitted helminth infections and leprosy: a cross-sectional study of the association between two major neglected tropical diseases in Indonesia. BMC Infect Dis. (2016) 16:258. doi: 10.1186/s12879-016-1593-0

 66. Flynn JL. Lessons from experimental Mycobacterium tuberculosis infections. Microbes Infect. (2006) 8:1179–88. doi: 10.1016/j.micinf.2005.10.033

 67. Khader SA, Cooper AM. IL-23 and IL-17 in tuberculosis. Cytokine (2008) 41:79–83. doi: 10.1016/j.cyto.2007.11.022

 68. Toulza F, Tsang L, Ottenhoff TH, Brown M, Dockrell HM. Mycobacterium tuberculosis-specific CD4+ T-cell response is increased, and Treg cells decreased, in anthelmintic-treated patients with latent TB. Eur J Immunol. (2016) 46:752–61. doi: 10.1002/eji.201545843

 69. Babu S, Bhat SQ, Kumar NP, Jayantasri S, Rukmani S, Kumaran P, et al. Human type 1 and 17 responses in latent tuberculosis are modulated by coincident filarial infection through cytotoxic T lymphocyte antigen-4 and programmed death-1. J Infect Dis. (2009) 200:288–98. doi: 10.1086/599797

 70. George PJ, Anuradha R, Kumaran PP, Chandrasekaran V, Nutman TB, Babu S. Modulation of mycobacterial-specific Th1 and Th17 cells in latent tuberculosis by coincident hookworm infection. J Immunol. (2013) 190:5161–8. doi: 10.4049/jimmunol.1203311

 71. George PJ, Anuradha R, Kumar NP, Sridhar R, Banurekha VV, Nutman TB, et al. Helminth infections coincident with active pulmonary tuberculosis inhibit mono- and multifunctional CD4+ and CD8+ T cell responses in a process dependent on IL-10. PLoS Pathog. (2014) 10:e1004375. doi: 10.1371/journal.ppat.1004375

 72. Kahnert A, Seiler P, Stein M, Bandermann S, Hahnke K, Mollenkopf H, et al. Alternative activation deprives macrophages of a coordinated defense program to Mycobacterium tuberculosis. Eur J Immunol. (2006) 36:631–47. doi: 10.1002/eji.200535496

 73. Potian JA, Rafi W, Bhatt K, McBride A, Gause WC, Salgame P. Preexisting helminth infection induces inhibition of innate pulmonary anti-tuberculosis defense by engaging the IL-4 receptor pathway. J Exp Med. (2011) 208:1863–74. doi: 10.1084/jem.20091473

 74. Aira N, Andersson AM, Singh SK, McKay DM, Blomgran R. Species dependent impact of helminthderived antigens on human macrophages infected with Mycobacterium tuberculosis: direct effect on the innate anti-mycobacterial response. PLoS Neglect Trop Dis. (2017) 11:e0005390. doi: 10.1371/journal.pntd.0005390

 75. du Plessis N, Kleynhans L, Thiart L, van Helden PD, Brombacher F, Horsnell WG, et al. Acute helminth infection enhances early macrophage mediated control of mycobacterial infection. Mucosal Immunol. (2013) 6:931–41. doi: 10.1038/mi.2012.131

 76. Achkar JM, Chan J, Casadevall A. B cells and antibodies in the defense against Mycobacterium tuberculosis infection. Immunol Rev. (2015) 264:167–81. doi: 10.1111/imr.12276

 77. Anuradha R, Munisankar S, Bhootra Y, Dolla C, Kumaran P, Nutman TB, et al. Modulation of Mycobacterium tuberculosis-specific humoral immune responses is associated with Strongyloides stercoralis coinfection. PLoS Neglect Trop Dis. (2017) 11:e0005569. doi: 10.1371/journal.pntd.0005569

 78. Wajja A, Kizito D, Nassanga B, Nalwoga A, Kabagenyi J, Kimuda S, et al. The effect of current Schistosoma mansoni infection on the immunogenicity of a candidate TB vaccine, MVA85A, in BCGvaccinated adolescents: an open-label trial. PLoS Neglect Trop Dis. (2017) 11:e0005440. doi: 10.1371/journal.pntd.0005440

 79. Adeyemi MT, Morenikeji OA, Emikpe BO, Jarikre TA. Interactions between gastrointestinal parasitism and pneumonia in Nigerian goats. J Parasit Dis. (2017) 41:726–33. doi: 10.1007/s12639-017-0878-6

 80. Howell AK, Tongue SC, Currie C, Evans J, Williams DJL, McNeilly TN. Co-infection with Fasciola hepatica may increase the risk of Escherichia coli O157 shedding in British cattle destined for the food chain. Prevent Vet Med. (2018) 150:70–6. doi: 10.1016/j.prevetmed.2017.12.007

 81. Bartelt LA, Bolick DT, Mayneris-Perxachs J, Kolling GL, Medlock GL, Zaenker EI, et al. Cross-modulation of pathogen-specific pathways enhances malnutrition during enteric co-infection with Giardia lamblia and enteroaggregative Escherichia coli. PLoS Pathog. (2017) 13:e1006471. doi: 10.1371/journal.ppat.1006471

 82. Beatty JK, Akierman SV, Motta JP, Muise S, Workentine ML, Harrison JJ, et al. Giardia duodenalis induces pathogenic dysbiosis of human intestinal microbiota biofilms. Int J Parasitol. (2017) 47:311–26. doi: 10.1016/j.ijpara.2016.11.010

 83. Manko A, Motta JP, Cotton JA, Feener T, Oyeyemi A, Vallance BA, et al. Giardia co-infection promotes the secretion of antimicrobial peptides beta-defensin 2 and trefoil factor 3 and attenuates attaching and effacing bacteria-induced intestinal disease. PLoS ONE (2017) 12:e0178647. doi: 10.1371/journal.pone.0178647

 84. Osborne LC, Monticelli LA, Nice TJ, Sutherland TE, Siracusa MC, Hepworth MR, et al. Virus-helminth coninfection reveals a microbiota-independent mechanism of immunomodulation. Science (2014) 345:579–82. doi: 10.1126/science.1256942

 85. Reese TA, Wakeman BS, Choi HS, Hufford MM, Huang SC, Zhang X, et al. Helminth infection reactivates latent γ-herpesvirus via cytokine competition at a viral promoter. Science (2014) 345:573–7. doi: 10.1126/science.1254517

 86. Attallah AM, Abdallah SO, Albannan MS, Omran MM, Attallah AA, Farid K. Impact of hepatitis C virus/Schistosoma mansoni coinfection on the circulating levels of HCV-NS4 protein and extracellular-matrix deposition in patients with different hepatic fibrosis stages. Am J Trop Med Hyg. (2016) 95:1044–50. doi: 10.4269/ajtmh.16-0129

 87. Morawski BM, Yunus M, Kerukadho E, Turyasingura G, Barbra L, Ojok AM, et al. Hookworm infection is associated with decreased CD4+ T cell counts in HIV-infected adult Ugandans. PLoS Neglect Trop Dis. (2017) 11:e0005634. doi: 10.1371/journal.pntd.0005634

 88. Dietze KK, Dittmer U, Koudaimi DK, Schimmer S, Reitz M, Breloer M, et al. Filariae-retrovirus co-infection in mice is associated with suppressed virus-specific IgG immune responses and higher viral loads. PLoS Neglect Trop Dis. (2016) 10:e0005170. doi: 10.1371/journal.pntd.0005170

 89. Modjarrad K, Zulu I, Redden DT, Njobvu L, Lane HC, Bentwich Z, et al. Treatment of intestinal helminths does not reduce plasma concentrations of HIV-1 RNA in coinfected Zambian adults. J Infect Dis. (2005) 192:1277–83. doi: 10.1086/444543

 90. Elliott AM, Mawa PA, Joseph S, Namujju PB, Kizza M, Nakiyingi JS, et al. Association between helminth infection and CD4+ T cell count, viral load and cytokine responses in HIV-1-infected Ugandan adults. Trans R Soc Trop Med Hyg. (2003) 97:103–8. doi: 10.1016/S0035-9203(03)90040-X

 91. Carvalho EM, Da Fonseca Porto A. Epidemiological and clinical interaction between HTLV-1 and Strongyloides stercoralis. Parasite Immunol. (2004) 26:487–97. doi: 10.1111/j.0141-9838.2004.00726.x

 92. Vadlamudi RS, Chi DS, Krishnaswamy G. Intestinal strongyloidiasis and hyperinfection syndrome. Clin Mol Allergy (2006) 4:8. doi: 10.1186/1476-7961-4-8

 93. Montes M, Sanchez C, Verdonck K, Lake JE, Gonzalez E, Lopez G, et al. Regulatory T Cell expansion in HTLV-1 and strongyloidiasis co-infection is associated with reduced IL-5 responses to Strongyloides stercoralis antigen. PLoS Neglect Trop Dis. (2009) 3:e456. doi: 10.1371/journal.pntd.0000456

 94. Herbert DR, Lee JJ, Lee NA, Nolan TJ, Schad GA, Abraham D. Role of IL-5 in Innate and adaptive immunity to larval Strongyloides stercoralis in mice. J Immunol. (2000) 165:4544–51. doi: 10.4049/jimmunol.165.8.4544

 95. Choksi TT, Madison G, Dar T, Asif M, Fleming K, Clarke L, et al. Case report: multiorgan dysfunction syndrome from Strongyloides stercoralis hyperinfection in a patient with human T-cell lymphotrophic virus-1 coinfection after initiation of Ivermectin treatment. Am J Trop Med Hyg. (2016) 95:864–7. doi: 10.4269/ajtmh.16-0259

 96. Gazzinelli-Guimarães PH, de Freitas LF, Gazzinelli-Guimarães AC, Coelho F, Barbosa FS, Nogueira D, et al. Concomitant helminth infection downmodulates the Vaccinia virus-specific immune response and potentiates virus-associated pathology. Int J Parasitol. (2017) 47:1–19. doi: 10.1016/j.ijpara.2016.08.007

 97. Actor JK, Shirai M, Kullberg MC, Buller RM, Sher A, Berzofsky JA. Helminth infection results in decreased virus-specific CD8+ cytotoxic T-cell and Th1 cytokine responses as well as delayed virus clearance. Proc Nat Acad Sci USA. (1993) 90:948–52. doi: 10.1073/pnas.90.3.948

 98. McFarlane AJ, McSorley HJ, Davidson DJ, Fitch PM, Errington C, Mackenzie KJ, et al. Enteric helminth-induced type I interferon signaling protects against pulmonary virus infection through interaction with the microbiota. J Allergy Clin Immunol. (2017) 140:1068–78. doi: 10.1016/j.jaci.2017.01.016

 99. Wuerthner VP, Hua J, Hoverman JT. The benefits of coinfection: trematodes alter disease outcomes associated with virus infection. J Anim Ecol. (2017) 86:921–31. doi: 10.1111/1365-2656.12665

 100.  Legname G, Baskakov IV, Nguyen HO, Riesner D, Cohen FE, DeArmond SJ, et al. Synthetic mammalian prions. Science (2004) 305:673–6. doi: 10.1126/science.1100195

 101.  Mabbott NA, Young J, McConnell I, Bruce ME. Follicular dendritic cell dedifferentiation by treatment with an inhibitor of the lymphotoxin pathway dramatically reduces scrapie susceptibility. J Virol. (2003) 77:6845–54. doi: 10.1128/JVI.77.12.6845-6854.2003

 102.  Glaysher BR, Mabbott NA. Role of the GALT in scrapie agent neuroinvasion from the intestine. J Immunol. (2007) 178:3757–66. doi: 10.4049/jimmunol.178.6.3757

 103.  McCulloch L, Brown KL, Bradford BM, Hopkins J, Bailey M, Rajewsky K, et al. Follicular dendritic cell-specific prion protein (PrPC) expression alone is sufficient to sustain prion infection in the spleen. PLoS Pathog. (2011) 7:e1002402. doi: 10.1371/journal.ppat.1002402

 104.  Donaldson DS, Else KJ, Mabbott NA. The gut-associated lymphoid tissues in the small intestine, not the large intestine, play a major role in oral prion disease pathogenesis. J Virol. (2015) 15:9532–47. doi: 10.1128/JVI.01544-15

 105.  Gruner L, Elsen JM, Vu Tien Khang J, Eychenne F, Caritez JC, Jacquiet P, et al. Nematode parasites and scrapie: experiments in sheep and mice. Parasitol Res. (2004) 93:493–8. doi: 10.1007/s00436-004-1131-7

 106.  van Keulen LJ, Schreuder BE, Vromans ME, Langeveld JP, Smits MA. Pathogenesis of natural scrapie in sheep. Arch Virol Suppl. (2000) 16:57–71. doi: 10.1007/978-3-7091-6308-5_5

 107.  van Keulen LJ, Vromans ME, van Zijderveld FG. Ealry and late pathogenesis of natural scrapie infection in sheep. APMIS (2002) 110:23–32. doi: 10.1034/j.1600-0463.2002.100104.x

 108.  Abolins S, King EC, Lazarou L, Weldon L, Hughes L, Drescher P, et al. The comparative immunology of wild and laboratory mice, Mus musculus domesticus. Nat Commun. (2017) 8:14811. doi: 10.1038/ncomms14811

 109.  Weldon L, Abolins S, Lenzi L, Bourne C, Riley EM, Viney M. The gut microbiota of wild mice. PLoS ONE (2015) 10:e0134643. doi: 10.1371/journal.pone.0134643

 110.  Johnston C, McSorley H, Smyth D, Anderton S, Wigmore S, Maizels R. A role for helminth parasites in achieving immunological tolerance in transplantation. Lancet (2015) 385:S50. doi: 10.1016/S0140-6736(15)60365-8

Conflict of Interest Statement: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Mabbott. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Immunology

The Influence of Parasite Infections
on Host Immunity to Co-infection
With Other Pathogens









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





