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Abstract 
The mammalian immune system has evolved to protect against infection and injury, while also 

minimising tissue damage. However, with respect to parasite infection, the helminths 

themselves have evolved sophisticated strategies to circumvent and manipulate the immune 

responses of their host. This facilitates longevity for the parasite, while simultaneously 

minimising tissue damage for the host. As a result, the typical protective anti-microbial 

inflammatory responses are absent, which allows the parasites to establish chronic infections 

and complete their lifecycle. Accordingly, there is great interest in understanding these immune 

modulatory mechanisms to inform the development of strategies to prevent/control parasite 

infection. Of equal importance is the possibility that these same mechanisms offer novel 

approaches to abate/control the aberrant inflammatory responses that mediate diseases, such as 

type 1 diabetes (T1D), multiple sclerosis (MS), and non-alcoholic liver disease.  

Macrophages are central to the immediate innate response to infection and injury. 

However, the pro-inflammatory/M1 phenotype, which provides functional anti-microbial 

activity, is largely inhibited during infection with most parasitic worms. This is not only 

fundamental to the ability of helminths to establish chronic infections, but also opens a 

therapeutic strategy for the prevention/treatment of immune-mediated diseases which, despite 

diverse pathogeneses, share the phenomenon of incorrect/unchecked activation of pro-

inflammatory/M1 macrophages. A previous exploration of the biological activities of the 

excreted/secreted products of the liver fluke, Fasciola hepatica, identified a peptide (termed 

FhHDM-1) that selectively interacted with macrophages, and inhibited their pro-inflammatory 

immune response to stimulation. Furthermore, administration of FhHDM-1 prevented the onset 

and development of immune-mediated disease (T1D, MS and asthma) in murine models. This 

efficacy was presumably attributable to the effects of FhHDM-1 on macrophage function. The 

aim of this project was to investigate the intracellular mechanisms by which FhHDM-1 was 

regulating the activation and functionality of macrophages.  

With emerging evidence linking the metabolism of immune cells to their functionality, 

the metabolic activity of macrophages treated with FhHDM-1 was first examined. This 

revealed a dependence on oxidative phosphorylation (OXPHOS) rather than glycolysis, which 

was reliant on the oxidation of endogenous fatty acids. Further exploration revealed that 

FhHDM-1 treatment of macrophages induced glutaminolysis, which provided the citrate 

necessary for the synthesis of endogenous fatty acids needed to fuel the OXPHOS. This 
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metabolic profile is characteristic of an anti-inflammatory/M2 phenotype rather than a pro-

inflammatory/ M1 macrophage, the latter being reliant on glycolysis for the metabolites that 

fuel pro-inflammatory and antimicrobial functions. However, FhHDM-1 treated macrophages 

did not express any of the genetic markers that characterise an M2 phenotype. 

Therefore, it was possible that the induction of fatty acid oxidation and OXPHOS 

mediated by FhHDM-1 was supporting an anti-inflammatory functionality, independent of a 

switch to an M2 phenotype. To examine this possibility, FhHDM-1 treated macrophages were 

stimulated with a pro-inflammatory ligand, bacterial lipopolysaccharide (LPS). While 

macrophages exposed to LPS displayed a predominance of glycolysis, pre-treatment with 

FhHDM-1 prevented this, and reduced the production of the pro-inflammatory cytokines, IL-

6 and TNF. The reduction in glycolytic activity and the prevention of activation of the M1 

phenotype by FhHDM-1 was dependent on the induction of glutaminolysis, and was associated 

with the resultant accumulation of the metabolite, alpha ketoglutarate (α-KG). 

α-KG is a co-factor for multiple demethylases and has been shown to regulate the 

induction of trained immunity, which raised the possibility that the modulation of macrophage 

metabolism by FhHDM-1 may be altering histone marks, to create a stable regulation of 

inflammatory responses. To test this hypothesis, the bone marrow derived macrophages 

(BMDMs) from non-obese diabetic (NOD) mice (model of T1D) were first examined for the 

characteristics of a trained immune response. This revealed that, unlike a non-diabetic immune 

competent mouse strain (BALB/c), the BMDMs from NOD mice displayed an enhanced pro-

inflammatory response to stimulation, exhibited increased glycolytic activity, and showed 

mono- and tri-methylated lysine on histone 4 (H3K4). These features are all characteristic of a 

trained immune response. Remarkably, the administration of FhHDM-1 to NOD mice, using 

the same treatment regime previously shown to permanently prevent T1D, removed the 

methylation marks on H3K4 in BMDMs isolated 3 weeks after the final injection of FhHDM-

1. In addition, these changes in methylation status were associated with a concomitant

reduction in glycolytic activity, and a significant decrease in the production (but not 

expression) of TNF and IL-6 in response to stimulation with LPS ex vivo. Importantly, this 

reduction in pro-inflammatory cytokine production did not represent a total suppression, but 

rather a reduction in levels to the same quantities produced by BMDMs from BALB/c mice. 

This indicated that FhHDM-1 was capable of fine-tuning macrophage function, to regulate, but 

not fully suppress, pro-inflammatory immune responses.  
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The collective outcomes of this PhD project have revealed new insights into the 

mechanisms by which FhHDM-1 modulates the response of macrophages to inflammatory 

stimulation and explains the disease protective effect previously observed in murine models of 

immune mediated disease. The data presented here has established that FhHDM-1 offers a 

unique therapeutic approach that would be efficacious across the multitude of human diseases 

that are mediated by chronic/aberrant inflammation. Examining the biological activity of this 

unique peptide, which evolved within a worm to modulate the mammalian immune response 

to support an adaptation to endemic parasitic exposure, has unveiled a new paradigm of innate 

immune regulation. 
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1.2  Abstract 

The food-borne trematodes, Opisthorchis viverrini and Clonorchis sinensis, are classified as 

group 1 biological carcinogens: definitive causes of cancer. By contrast, infections with 

Fasciola hepatica, also a food-borne trematode of the phylum Platyhelminthes, are not 

carcinogenic. This chapter explores the premise that the differential activation of macrophages 

during infection with these food-borne trematodes is a major determinant of the pathological 

outcome of infection. Like most helminths, the latter stages of infection with all 3 flukes induce 

M2 macrophages, a phenotype that mediates the functional repair of tissue damaged by the 

feeding and migratory activities of the parasites. However, there is a critical difference in how 

the development of pro-inflammatory M1 macrophages is regulated during infection with these 

parasites. While the activation of the M1 macrophage phenotype is largely suppressed during 

the early stages of infection with F. hepatica, M1 macrophages predominate in the bile ducts 

following infection with O. viverrini and C. sinensis. The anti-microbial factors released by 

M1 macrophages create an environment conducive to mutagenesis, and hence the initiation of 

tumour formation. Subsequently, the tissue remodelling processes induced by the M2 

macrophages promote the proliferation of mutated cells, and the expansion of cancerous tissue. 

This chapter will also explore the interactions between macrophages and parasite-derived 

signals, and their contributions to the stark differences in the innate immune responses to 

infection with these parasites. 
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1.3  Introduction 

The liver flukes comprise of 2 families of food-borne trematodes that cause diseases in humans 

and animals: Opisthorchiidae (which includes Clonorchis sinensis and Opisthorchis viverrini) 

and Fasciolidae (which includes Fasciola hepatica). These parasites cause infection via the 

consumption of contaminated raw fish, crustaceans or vegetation. While infections are 

generally asymptomatic, higher worm burdens and/or continuous reinfection can cause severe 

liver disease (1-4). Infection with C. sinensis and O. viverrini can result in the mineralization 

of bile ducts (cholangitis), formation of bile duct stones and a sub-type of liver cancer: 

cholangiocarcinoma (CCA), which is an adenocarcinoma with poor prognosis (5-7). 

Fasciolosis is similarly associated with the development of cholangitis. However, despite being 

phylogenetically related to Opisthorchiidae, and ultimately residing in the same tissue of their 

mammalian hosts, infection with F. hepatica is not associated with the development of any 

cancers (8-10). 

1.4  Life cycle of liver flukes 

As with most trematodes, the liver flukes have a complex life cycle, requiring both intermediate 

and primary hosts (Figure 1.1). The eggs of these parasites discharge with faeces from their 

primary mammalian host, and then progress through several developmental stages in an aquatic 

snail intermediate host. Free-swimming cercariae, which are released from the snails, then 

encyst as metacercariae; the stage that is infectious to the definitive mammalian hosts. For C. 

sinensis and O. viverrini, this encystment occurs within the muscles or under the scales of 

freshwater fish, thereby making fish the secondary intermediate host and the vehicle for human 

infection. The metacercariae of F. hepatica encyst on aquatic vegetation (such as watercress) 

and are transmitted to human and animal hosts after ingestion of infected plants. 

Differences in the intermediate hosts underpin the distinct global distribution for each 

of these food-borne trematodes. Specifically, while the snail hosts for F. hepatica (Lymnaeidae 

family) are found in almost every country worldwide, the snail hosts for Clonorchis and 

Opisthorchis have a more restricted global distribution (11). In addition, the eating habits of 

populations around the world confer different susceptibilities to infection. For example, 

consuming raw (dried, fermented or salted) or undercooked fish is a common practice 

throughout Asia, and in the far eastern regions of the former Soviet Union (12). In contrast, the 

consumption of aquatic plants by animals and humans occurs worldwide. Because of these 
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dietary variations, F. hepatica has been found in all inhabited continents (11, 13), whereas 

infection with C. sinensis is only endemic in China, Korea and Vietnam, and O. viverrini is 

predominantly found in Thailand, Lao People’s Democratic Republic, Cambodia and central 

Vietnam (11, 12). Opisthorchis felineus is the predominant species found in Siberia, and like 

O. viverrini it is also suspected of being a group 1 carcinogen (14). This variation in dietary

practices also introduces additional risk factors for the development of CCA, which may 

influence the differential outcome to infection with liver flukes. Salted and fermented fish 

contain high levels of nitrosamines, which are classified as carcinogenic factors. Their 

consumption may create a microenvironment that is more favourable to the development of 

malignancies, such as CCA, following infection with Clonorchis or Opisthorchiidae (15).  

After ingestion of the metacercariae by mammalian hosts, a series of stimuli (including 

temperature, pH and bile salts) in the digestive tract activates the excystment of the newly 

excysted juvenile (NEJ) worms (16-19). At this developmental stage, Opisthorchiidae migrate 

to the ampulla of Vater and ascend into the bile ducts where the parasites mature (Figure 1.1). 

The adults of these parasites typically reside in the intrahepatic bile ducts for 10 years (20, 21). 

Although the destination of the Fasciola parasites is also the bile duct, their migratory route is 

quite different (Figure 1.1). After penetrating intestinal epithelia, the NEJs migrate through the 

peritoneal cavity to the liver, where over several weeks, they tunnel a path towards the bile duct 

(22). Like C. sinensis and O. viverrini, the adult F. hepatica parasites can also remain in the 

bile ducts for up to 12 years after infection (23, 24). This review examines the possibility that 

variations in the migratory patterns of the liver flukes differentially influence the polarization 

of macrophages, which consequently mediates the distinct pathological outcomes to infection. 
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Figure 1.1: Comparative life cycles and intra-mammalian migratory pathways of food-
borne liver flukes. (A) All adult flukes produce eggs that are passed with faeces from the 
mammalian host. For Fasciola hepatica, these eggs become embryonated in fresh water to 
release miracidia, which then invade a suitable snail host. In contrast, for Opisthorchis viverrini 
and Clonorchis sinensis this intermediate stage begins when the snail ingests the 
unembryonated eggs. Once inside the snail, the parasite undergoes several developmental 
stages before emerging as cercariae. These cercariae must encyst (on vegetation for F. 
hepatica; within freshwater fish for O. viverrini and C. sinensis) to become metacercariae; the 
infective stage for mammalian hosts. (B) After ingestion, the environment within the digestive 
system of the mammalian host promotes excystment of the metacercariae: (1) the emergent 
juvenile flukes begin the migratory journey to the bile duct. To achieve this, (2) the F. hepatica 
flukes penetrate the intestinal epithelia to enter the abdominal cavity. (3) After a period of days, 
the juvenile flukes begin to tunnel through the liver parenchyma. Once inside this tissue the 
parasites spend time feeding and maturing, (4) finally reaching the bile ducts approximately 12 
weeks after infection. (5) In contrast, O. viverrini and C. sinensis travel a more direct route to 
their destination. After emerging from the metacercariae, the juvenile flukes ascend directly to 
the bile ducts from the duodenum, via the ampulla of Vater. There, after a period of 3–4 weeks 
they mature into egg laying adults, thereby restarting the parasite life cycle. Image created 
using BioRender. 
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1.5  Polarization and functional activity of macrophages 

Macrophages are both tissue resident and infiltrating immune cells that are critical for the 

innate immune response, repair of damaged tissue, systemic metabolism, cold adaptation and 

tissue homoeostasis and development (25). The initiation of each of these biological activities 

occurs in response to the composition of the local environment in which the macrophages 

reside, and the type of pathogen or injury to which macrophages are exposed (26).  

Changes in the tissue microenvironment stimulate the polarization of differentiated 

tissue-resident macrophages into a diverse range of functional phenotypes (25, 27). When 

numbers of resident macrophages are insufficient to satisfy the functional demands within a 

tissue, the population can be expanded by local proliferation or recruitment. In addition, 

monocytes (macrophage precursors) can be recruited from the circulation to differentiate into 

functional macrophages within the affected tissues (25).  

The polarization of macrophages into different phenotypes is a dynamic process, which 

occurs continuously throughout the inflammatory response to infection or tissue damage. This 

plasticity is a hallmark of macrophages and enables them to continuously respond to a changing 

microenvironment. This differentiation of macrophages requires an accurate regulation of gene 

transcription that is dependent on epigenetic modifications (28). Dynamic and reversible 

changes of epigenetic markers at the promoters and enhancers of signal-sensitive genes are 

critical for the quick reprogramming of macrophage polarization and give macrophages the 

ability to switch rapidly between cellular programmes (29). In addition, some signals (host and 

pathogen) can induce a more persistent ‘epigenetic memory’, which endows macrophages with 

a long-lasting capacity to respond more strongly to future challenges (30). Thus, 

monocytes/macrophages emerging from the bone marrow are functionally conditioned to 

execute an enhanced (trained) or restricted (tolerant) response to subsequent restimulation (31). 

Each phenotype of macrophage is inherently linked to the activation of specific 

metabolic and molecular pathways, which ultimately determine the biological function of each 

subtype of macrophage (32, 33). Early investigations to determine the mechanisms underlying 

macrophage polarization used models of dichotomous macrophage phenotypes, namely pro-

inflammatory M1 or anti-inflammatory M2. This binary classification of macrophage 

phenotype was based on in vitro observations that macrophages treated with the type 1 T helper 

(Th1) cytokine, interferon gamma (IFNγ), or the Th2 cytokine, interleukin 4 (IL-4), exhibited 

distinct genetic expression patterns, termed M1 and M2, respectively (34).  
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Generally, M1 macrophages are characterized by the upregulation of tumour necrosis 

factor (TNF), inducible nitric oxide synthase (iNOS) and IL-1β expression, which mediate 

antimicrobial innate immune responses (35). Production of IL-12 and IL-23 further supports 

the inflammatory state by promoting the differentiation and expansion of Th1 and Th17 cells, 

respectively (34). In addition, M1 macrophages adopt a metabolic signature that favours 

glycolysis, thereby rapidly producing adenosine triphosphate (ATP) that supports pro-

inflammatory signalling (36). In contrast, a typical M2 macrophage is associated with the 

resolution of inflammation and mediation of the healing process and is characterized by 

increased expression levels of different genetic markers, notably Arg1, Retnla, Ym1 and Ear11 

(37). For M2 macrophages, oxidative phosphorylation (OXPHOS) is the predominant 

metabolic activity resulting in a delayed, but more prolific production of ATP, which is needed 

to support the specific functional demands of the M2 phenotype, as compared to the anti-

microbial activities of M1 macrophages (38, 39). More recent studies of macrophage 

metabolism have revealed that while the anti-inflammatory activity of macrophages solely 

requires oxidative metabolism (40, 41), the expression of characteristic M2 genes induced by 

IL-4 simply requires a threshold of ATP, which can be reached via glycolysis or OXPHOS 

(42). These observations uncover a disconnect between the original, binary paradigm of 

macrophage phenotypes (characterized by a simple genetic signature), and the more recent 

functional characterizations of macrophage subsets according to metabolic preferences (43). 

The need for a model for the activation of multiple macrophage phenotypes has become 

increasingly evident after the identification of numerous factors that drive the activation of 

macrophages into distinct phenotypes, which are characterized by distinct genetic and 

biological profiles (37, 44, 45). Thus, macrophage populations cannot always be appropriately 

assigned to either the M1 or the M2 phenotype (46, 47). Accordingly, the notion that 

macrophage phenotypes lie along a spectrum between the polarized functional states of M1 

(typically pro-inflammatory) and M2 (typically immune suppressive) is now widely accepted 

(37, 48).  

This fluidity in polarization along a continuum of functional states is particularly 

evident for macrophages found within the tumour microenvironment (TME). These tumour-

associated macrophages (TAMs) account for the largest fraction of the myeloid infiltrate in 

most human malignancies, including CCA (49), and display a high degree of functional 

plasticity to adapt to the changes occurring during tumour progression and across different 

regions of the TME (50, 51). As a result, TAMs are phenotypically heterogeneous, comprising 
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the spectrum extremes of M1 and M2 along with other, yet to be characterized, phenotypes 

(28, 52, 53). Like the macrophage subtypes identified during an inflammatory response to 

infection/injury or to the processes of tissue repair, this diversity in phenotypes is associated 

with distinct metabolic profiles. Switches in metabolic activity between glycolysis and 

OXPHOS) direct the functional response within the tumour, with respect to rates of 

angiogenesis, tumour growth, metastasis and immune cell activation (54). It has been proposed 

that the heterogeneity of macrophage phenotypes within the TME reflects a dual role of TAMs 

in tumours. The functional activity of M1/pro-inflammatory macrophages creates a mutagenic 

microenvironment that supports tumour initiation, while M2/wound-healing macrophages 

promote malignancy progression (55-58). 

Collectively, these observations demonstrate that conversions between macrophage 

phenotypes, which are largely induced by changes in metabolic flux, are a major determinant 

of macrophage function. In turn, this becomes a principal regulating factor, not only for the 

resolution of infection and removal of danger signals, but also in the initiation, progression and 

termination of several human diseases, including pathologies associated with helminth 

infection. 

1.6  Macrophage activation and function during liver fluke infection  

Macrophages dominate the immune responses to helminths. Due to their spectra of functional 

phenotypes, macrophages play a central and pleiotropic role in the host response to infection 

with helminths (59, 60). It has been recently proposed that the functional roles of macrophages 

during helminth infection can be allocated to 3 categories (61). Immediately after infection, an 

increase in tissue alarmins, released due to the migrating parasites, combined with the presence 

of helminth secreted molecules, signals the presence of invading parasites that causes the 

macrophages to ‘react’ and produce a range of effector molecules that drive anti-helminth 

activities and recruit other immune cells to the infection site. Many parasites evade and/or 

modulate this initial host protective response, which supports their ability to survive and 

establish chronic infections. During these long-term infections, the feeding and migration 

behaviours of parasites cause extensive tissue damage, which is counteracted by the ‘repair’ 

activities of macrophages. These cells mediate the wound-healing response to prevent 

prolonged haemorrhaging and translocation of microbiota. However, this activity must be 

carefully balanced to prevent excessive tissue remodelling, which may cause fibrosis. Thus, 
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macrophages enter a final ‘resolve’ phase during which they perform potent immune-

regulatory activities. 

The react, repair, and resolve phases of macrophage activation are evident during 

infection with F. hepatica (Figure 1.2). Immediately after infection, there is an influx of 

immune cells, of which macrophages are the most predominant, into the peritoneal cavity 

signalling the host’s reaction to the migration of NEJs from the intestine (62, 63). However, 

despite the presence of migrating parasites in combination with perforations to the intestinal 

epithelium and the likely translocation of intestinal microbiota (19, 64), there is no evidence of 

a pro-inflammatory M1 phenotype, which is characteristic of the mammalian protective 

immune response. Peritoneal macrophages isolated from infected animals (sheep and mice) 

show low expression levels of major histocompatibility complex-II (MCH-II), and no 

significant increase in the production of pro-inflammatory cytokines (TNF, IL-12, IFNγ) or 

anti-microbial effectors [iNOS, nitric oxide (NO)] (63, 65). These observations led to the 

hypothesis that the Fasciola NEJs possess mechanisms to actively suppress the ability of the 

host to activate an immediate protective pro-inflammatory innate response. This would ensure 

the survival of the parasite and support its safe passage from the intestine, across the peritoneal 

cavity and on to the liver (19). Support for this premise is evident from animal studies, which 

have shown a correlation between the activation of the M1 phenotype (and associated Th1 type 

immune responses) and experimentally acquired or naturally occurring resistance to F. 

hepatica infection (66-68).  
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Figure 1.2: Comparative activation of macrophages and pathological consequences of 
liver fluke infection. (A) During infection with F. hepatica the ability of macrophages to 
polarize towards a pro-inflammatory M1 phenotype is actively inhibited. In contrast, the 
activation of M2 macrophages, which occurs coincident with the parasite migration to the liver 
tissue, is actively promoted to mediate tissue repair and the regulation of effector T-cell 
responses. (B) Immediately after infection with either O. viverrini and C. sinensis, M1 
macrophages are abundant and correlate with the presence of DNA damage within the bile duct 
epithelium. As infection progresses, this population of macrophages decreases, although is 
never totally absent, and M2 macrophages become the abundant phenotype coincident with the 
appearance of fibrosis and cirrhosis. 
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The penetration of the liver capsule by the NEJs is coincident with the appearance of 

an M2 phenotype of macrophage, as characterized by an increase in the expression levels of 

Arg1 and Ym1 (69). The primary role of macrophages at this stage of infection is the promotion 

of tissue repair, rather than anti-helminth responses. A lack of programmed death-ligand 2+ 

(PD-L2+)  M2 macrophages in Fasciola infected mice had no effect on worm burden or size 

but led to exaggerated liver damage resulting in premature host death (70). The immune-

mediated repair of liver tissue was evidenced by the visible formation of fibrotic tracts and 

granulomas, both of which are characteristic liver pathologies associated with fasciolosis (71). 

During the later stages of liver migration and the final life stage in the bile duct, Fasciola 

infection stimulates the expansion of regulatory and anergic T-cell populations, which are 

important in reducing the severity of tissue pathology and sustaining the suppression of 

parasite-specific effector immune responses. The observation that PD-L2+ M2 macrophages 

induced by F. hepatica stimulated the differentiation of forkhead box p3+ T regulatory cells 

and anergy in CD4+ T cells ex vivo (72, 73) suggests a critical role for macrophages in the 

initiation and perpetuation of these adaptive immune responses. However, additional in vivo 

studies with specific depletion of PD-L2+ macrophages will be required to definitively 

characterize their functional role in the promotion of host immune responses and the control of 

pathological outcomes. 

Like the host response to F. hepatica, macrophages are the predominant immune cell 

population within the bile duct immediately after infection with O. viverrini and C. sinensis 

(74, 75), and remain abundant for several months after infection (76). However, in contrast to 

Fasciola, the expression levels of iNOS in macrophages is significantly increased as early as 3 

days after infection in animal models [(75), Figure 1.2). The proportion of these 

CD16/32+/iNOS+ M1 macrophages steadily increases in the liver and bile duct over the next 

18 days of infection (75, 77). Then, coincident with the maturation of the parasite and 

subsequent egg production, this population of macrophages begins to decrease, but does not 

return to uninfected basal levels. At the same time, a population of CD206+/Arg1+ macrophages 

emerges, indicating the presence of an M2 macrophage phenotype (75, 77). The wound-healing 

activity of macrophages, as described above, is correlated with their increased abundance 

during the fibrotic and cirrhotic stages of infection, when they become localized adjacent to 

the areas of collagen deposition within tissues (78). Moreover, increasing the number of M2 

macrophages in tissue exacerbated bile duct hyperplasia, and examination of tissue sections 
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revealed an association between macrophages and cancer-associated fibroblasts (79, 80). These 

observations highlight a significant role for M2 macrophages in the progression of CCA. 

A comparison of macrophage phenotypes induced in response to liver fluke infections 

emphasizes that the induction of M1 macrophages is the primary difference in the innate 

immune response to O. viverrini and C. sinensis versus F. hepatica (Figure 1.2). With an 

understanding that pro-inflammatory M1-like macrophages have been suggested to drive the 

mutagenesis that supports tumour initiation, it is plausible that the induction of this phenotype 

of macrophage contributes to the carcinogenic effect of Opisthorchiidae infection, and a reason 

for the differential pathology between liver fluke infections. Supporting this proposition, it has 

been shown that the production of NO and the superoxide anion radical, O2
−, by M1 

macrophages caused an increase in oxidative and nitrosative DNA damage, and accumulation 

of proliferating cell nuclear antigen (PCNA), in the epithelium of bile ducts of hamsters 

infected with O. viverrini (81). Notably, repeat infections with O. viverrini resulted in an earlier 

and enhanced production of iNOS by macrophages and led to increased DNA damage (81). 

This finding corroborates evidence that the chronic inflammation due to reinfection with O. 

viverrini or C. sinensis is the primary risk factor for the development of CCA (82). 

 

1.7  Activation of macrophages by fluke-derived molecules 

The premise that parasite-derived factors interact with host macrophages to influence their 

functional activity is supported by analyses of tissue from animals infected with F. hepatica 

and O. viverrini. For both parasites, their antigens commonly co-localize with inflammatory 

cell infiltrates, notably macrophages, even at sites that are distant from the flukes (83, 84). 

Exploring this hypothesis, many groups have used an ‘omics’ approach to characterize the 

proteins of the food-borne flukes within their excretory/secretory products, as these would be 

the most likely to interact with host immune cells and mediate the pathogenesis of infection 

(18, 85-87).  

Proteomics comparisons of the excretory/secretory products of the liver flukes reveal a 

slight variation in the proteome for each parasite, which likely reflects the different biological 

activities required to support their distinct migratory paths through the host tissue. For example, 

proteolytic enzymes were underrepresented among the secreted proteins of O. viverrini, as 

compared to those of F. hepatica (88). A more detailed examination of peptidase expression in 

the flukes revealed that while O. viverrini and C. sinensis produced high levels of cathepsin F 
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(89-91), F. hepatica secreted a variety of cathepsin L and cathepsin B enzymes with no 

cathepsin F detected (92). This stark variation clearly relates to the different routes each 

parasite takes through host tissue. Fasciola requires the collagenolytic activities of the cathepsin 

L and B enzymes to disrupt the interstitial matrix to cross the intestinal wall and to subsequently 

penetrate the liver. However, this enzymatic activity is not required by O. viverrini or C. 

sinensis as they reach the bile ducts from the duodenum by simply ascending the 

hepatopancreatic duct (ampulla of Vater). However, this difference in migratory patterns may 

also impact the host immune responses. For example, cathepsin L enzymes secreted by F. 

hepatica selectively inhibit several pro-inflammatory signalling pathways in mammalian 

macrophages, which prevent the development of an M1 phenotype (93). 

In fact, the secreted proteins of F. hepatica typically skew the phenotype of 

macrophages away from a pro-inflammatory M1 phenotype and/or towards a wound-

healing/regulatory M2 phenotype. In contrast, the secreted proteins of O. viverrini and C. 

sinensis predominantly promote the development of pro-inflammatory M1 macrophages 

(Table 1.1). These reported differences in protein activity could be explained by differences in 

the production and purification methods used across different research groups. Traditional 

recombinant production using bacterial cells can result in the presence of residual bacterial 

lipopolysaccharide (LPS), which will contaminate the recombinant protein and skew the 

macrophage response towards an M1 phenotype. However, as this differential activation of 

macrophages by fluke-derived proteins is consistent across multiple research groups, and with 

both native secretions and recombinant/synthetic proteins it seems plausible that these 

differences in biological activities reflect a specific functional adaptation for each parasite.  

This discrepancy in the immune modulating activity of the parasite-derived proteins 

may be attributed to the initiation of distinct protective host responses associated with different 

anatomical locations. As described previously, the induction of antimicrobial pro-

inflammatory M1 macrophages in the peritoneal cavity is characteristic of a protective immune 

response against F. hepatica (66). In contrast, the expulsion of intestinal helminths is mediated 

by a Th2 immune response (94). Rather than utilizing direct anti-microbial mechanisms, this 

immune phenotype drives an accelerated epithelial cell turnover, which effectively dislodges 

the parasites resulting in their clearance (95). Importantly, the expulsion of worms from the 

intestinal lumen is mediated by intestinal contractility, which is regulated by M2 macrophages 

(96). Of relevance to the liver flukes, susceptibility to infection with the intestinal fluke, 

Echinostoma caproni, is linked to the induction of a Th1 type immune response, which slows 
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epithelial cell turnover and promotes tissue hyperplasia. This allows parasites to more stably 

attach to host cells, which favours the establishment of chronic infections (97). Putatively, a 

similar protective mechanism is initiated in the bile duct in response to infection with 

Clonorchis and Opisthorchis. This would explain the broad capacity for their secreted proteins 

to drive M1/Th1 type immune responses.  

An alternate/additional benefit of inducing M1 macrophages may be to balance the 

development of M2 macrophage populations that mediate wound healing in the bile duct, as 

excessive fibrotic scar tissue would prevent the parasites effectively accessing the epithelium 

for feeding. This notion is supported not only by the evident induction of M1 macrophages 

after infection, but also by the observation that this population is sustained, albeit at a reduced 

proportion, throughout the course of infection (75, 77). Furthermore, the manipulation of innate 

immune signalling pathways in mice infected with C. sinensis, which resulted in a reduction 

of M1 macrophages and an increase in M2 macrophages, was associated with aggravated 

peribiliary fibrosis (80). This functional role for M1 macrophages in the context of a parasite 

infection is further strengthened by studies of mice infected with the blood fluke, Schistosoma 

mansoni. For this helminth, the manipulation of cytokines to create a bias towards the 

development of M1 macrophages resulted in reduced collagen deposition and smaller 

granuloma formation around parasite eggs deposited in the liver (98, 99). Furthermore, the 

resulting mixed immune response, with a slight predominance of Th1 and M1 cells, was most 

effective as it afforded sufficient protection from tissue damage caused by the parasite while 

simultaneously minimizing fibrosis (100).  

Consideration of the pathogenesis of S. mansoni is of relevance when comparing the 

biological activity of the helminth defence molecules (HDMs), which are peptides secreted by 

all trematode parasites (101). Remarkably, the HDM secreted by F. hepatica (FhHDM-1) 

inhibits the development of M1 macrophages, but despite being classified in the same family 

of peptides, the HDM secreted by C. sinensis (CsHDM) induces an M1 phenotype (Table 1.1) 

(102-104). Analysis of the phylogenetic relationship of the HDM peptide family shows that 

while CsHDM is on the same branch as FhHDM, it is evolutionarily closer to another branch 

of HDM peptides, the Sm16 peptides, found exclusively in Schistosoma (105). 

Characterization of the Sm16 from S. mansoni showed that it was primarily expressed by 

cercariae and eggs, and like the CsHDM induces a pro-inflammatory response in macrophages. 

These findings thus suggest a functional role in the management of wound-healing responses 

associated with the predominance of M2 macrophages.
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Table 1.1: The impact of macrophage polarization by treatments with liver fluke. 

LPS, lipopolysaccharide; NF-κβ, nuclear factor kappa B; TNF, tumour necrosis factor; IL, interleukin; Arg-1, arginase-1; Ym1, chitinase-like protein 3; Fizz1, resistin-like molecule alpha 1; ERK, 
extracellular signal-regulated kinase; JNK, Jun N-terminal kinase; TLR, Toll-like receptor; TRIF, TIR-domain-containing adapter-inducing interferon-β; SMAD, transcription factor small mothers 
against decapentaplegic; PD-L1, programmed death-ligand 1; NO, nitric oxide; v-ATPase, vacuolar-type ATPase; NLRP3, NOD-like receptor protein 3; PKA, protein kinase A; MAPK, mitogen-
activated protein kinase; SOCS1, suppressor of cytokine signalling 1; Clec7a, C-type lectin domain containing 7A; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase.

Parasite Protein Macrophage origin Biological Activity Reference 
Fasciola hepatica Native glutathione S-transferase (nFhGST) 

extracted from soluble extract of adult fluke 
Murine (C57BL6) bone marrow 
derived 

Prevented LPS induced NF-κB dependent production of TNF and IL-1β (106) 
 

Peroxiredoxin (Prx/Trx); Escherchia coli 
recombinant 

Murine (BALB/c) peritoneal; 
murine RAW 264.7 cell line 

Increased expression of M2 markers (Arg1, Ym1, Fizz1) and increased 
production of IL-10 and prostaglandin E2 

(69) 
 

Native fatty acid binding protein (Fh12) 
purified from adult fluke extract 

Murine (C57BL6) bone marrow 
derived 

Suppressed phosphorylation of ERK, p38 and JNK to inhibit LPS-
induced expression of IL-12, TNF, IL-6 and IL-1β 

(107) 
 

Human monocyte derived Induced the expression of M2 markers (Arg1, Ym1) (108) 
Fatty Acid Binding Protein; E. coli 
recombinant 

Murine (C57BL6) bone marrow 
derived 

Inhibited LPS-stimulated production of TNF and IL-1β (109) 

Cathepsin-L1; Pichia pastoris recombinant Ex vivo murine (BALB/c) 
peritoneal 

Inhibited TLR3-dependent cytokine production by LPS via cleavage of 
TRIF 

(93) 
 

Transforming growth factor-like molecule 
(FhTLM); E. coli recombinant 

Bovine blood derived Activated SMAD2/3 signalling to induce a regulatory phenotype 
expressing high levels of IL-10, Arg1 and PD-L1 and low levels of IL-
12 and NO 

(110) 
 

Helminth defence molecule (FhHDM-1); 
synthetic peptide 

Murine (C57BL6) bone marrow 
derived; ex vivo murine Non-
Obese Diabetic mice (NOD) 
peritoneal 

Reduced production of TNF in response to LPS; inhibition of lysosomal 
vATPase prevented activation of the NLRP3 inflammasome and thus 
production of IL-1β 

(102, 103, 
111) 

Clonorchis sinensis  Lysophospholipase A (csLysoPLA); E. coli 
recombinant 

Murine RAW 264.7 cell line Stimulated IL-25 expression via the PKA-dependent B-Raf ERK1/2 
signalling pathway  

(112) 

Excretory/Secretory proteins of adult flukes Murine (BALB/c) hepatic Increased production of pro-inflammatory cytokines TNF and IL-6 (77) 
Helminth Defence Molecule 
(CsMF6p/HDM); E. coli recombinant 

Murine RAW 264.7 cell line Increased production of pro-inflammatory cytokines via NF-κB 
dependent MAPK pathways 

(104) 
 

Opisthorchis viverrini Whole worm homogenate of adult flukes Murine RAW 264.7 cell line Enhanced expression of TLR2, leading to activation of NF-κB-mediated 
expression of iNOS and COX-2  

(113) 
 

Excretory/secretory products of adult flukes; 
whole worm homogenate of adult flukes 

Human U937 cell line Increased expression of myristoylated alanine-rich C kinase substrate 
(MARCKS) which has been implicated membrane cytoskeleton 
alterations that underlie LPS-induced macrophage responses  

(114) 
 

Adult Flukes Human peripheral blood 
mononuclear cells 

Increased pro-inflammatory cytokines, cell adhesion molecules and 
chemoattractant chemokines 

(115) 
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1.8  Concluding remarks 

Helminths have evolved multiple mechanisms to modulate the immune response of their 

mammalian hosts to support the establishment of chronic infections, and to ensure sustained 

reproductive success. The development of immune modulatory mechanisms is informed by 

different phenomena within the host, the most evident of which is the migratory pathways of 

each parasite. The analyses of macrophage phenotypes presented here highlight a remarkable 

difference in host immune responses to carcinogenic flukes, as compared to non-carcinogenic 

F. hepatica. Evidence supports the likelihood that this phenomenon reflects the specific 

requirements associated with each parasite’s distinctive migration patterns and final anatomical 

location within the mammalian host.  

The influence that anatomical location has on the immune mediated pathological 

outcome to infection with helminths can be extended to infection with Schistosoma. While the 

hepatic schistosomes of humans, S. japonicum and S. mansoni, do not cause cancer, S. 

haematobium, a parasite that resides in the bladder, is carcinogenic, with infection associated 

to the development of squamous cell carcinoma (116). A comparison of the immune and 

fibrotic response to the deposition of S. haematobium eggs in the bladder, compared to the 

response of S. mansoni eggs in the liver revealed distinct collagen-remodelling pathways 

associated with each anatomical location (117). This likely reflects the specific adaptation of 

host immune responses to infection within the bladder, which has been characterized as a 

highly polarized Th2 type immune response that directs the rapid re-epithelialization, and thus 

prioritizes the regeneration of tissue at the expense of preventing re-infections (118). While 

there was no specific analysis of macrophage populations, analysis of gene expression within 

the tissues revealed that like the carcinogenic liver flukes, the immune response for S. 

haematobium reflected a greater mix of type 1 and type 2 immune responses, compared to the 

predominance of M2 macrophages and a Th2 type immune response associated with S. 

mansoni infection (117).  

Therefore, while multiple factors likely modulate susceptibility to fluke-induced 

cancer, the evidence from both flukes and schistosome infections would support a scenario in 

which the differential regulation of an M1/pro-inflammatory type of macrophage is a major 

contributory factor in the pathological outcome to infection with liver flukes. However, while 

the studies reviewed here classified macrophage phenotypes as M1 or M2, in the most part 

these characterizations were based on the expression of only a small number of characteristic 

genes (Arg1, Ym1, PD-L2) or cytokines (TNF, IL-6, IL-10). As macrophages are more likely 
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to be present as multiple functional variants throughout the different stages of parasite 

infection, further longitudinal and more detailed characterization of the genotype and 

functional phenotype of these macrophages will be critical to fully understand how the 

biological activities of macrophages modulate the host responses to infection with liver flukes. 
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Chapter 2: The parasite-derived peptide FhHDM-1 

reprogrammes the metabolic activity of macrophages  
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thesis. In addition, numbering of sections, style of referencing, and numbering of tables and 

figures have been edited to align with the formatting of the thesis.  
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2.2. Introduction 

As reviewed in Chapter 1, helminths stealthily invade their hosts, by initially inactivating innate 

detection systems, and then manipulating the immune response such that the host becomes 

tolerant of the parasites presence (119-121). Consequently, the typical anti-microbial immune 

response that is characteristic of infection with most other pathogens (viral and bacterial), is 

not activated. In fact, a consistent feature of mammalian helminth infection is that complete 

expulsion or killing of all parasites is rarely achieved, there is little evidence of protection 

against re-infection, and, for the most part, there is no effective vaccine strategy (122, 123). 

Understanding how these pathogens manipulate host immune responses to create an 

environment that promotes their survival, is necessary to develop intervention strategies that 

will target these immunomodulatory mechanisms. 

Fasciola hepatica is a major production limiting disease of ruminant livestock. 

Infection with the parasite results in substantial delays in animals reaching slaughter weight, 

with increased levels of fluke burden in the liver directly correlating with reduced growth rates. 

To date, all vaccine trials have focused primarily on targeting the adult parasite (68). However, 

at this stage of the infection the parasite is actively destroying the liver tissue as it feeds and 

migrates towards the bile duct. Burden models suggest that even with as few as 10 parasites in 

the liver, an animal’s body weight increases at a significantly slower rate, as compared to 

uninfected animals (124). Therefore, a more effective preventative strategy would be one that 

targets the early migratory stages of the parasite, with the primary aim of blocking the 

penetration of the liver capsule by the parasites. 

During this pre-hepatic phase of infection animals display no clinical signs of diseases, 

no inflammatory changes are observed in the intestine wall, and pathological findings are rare 

(95). In addition, microarray analyses of peritoneal macrophages during early F. hepatica 

infection of mice revealed a significant reduction (> 20 fold) in the expression levels of all 

genetic markers of M1 macrophage activation, including TNF, IL-6 and IL-12 (125). These 

observations are corroborated by studies of the macrophages from infected sheep and cattle 

(71). This data suggests that immediately after infection, F. hepatica is employing a 

mechanism(s) to disarm the host’s innate ‘early-response’ immune system to prevent parasite 

detection at a vulnerable time in the invasion process, and to ensure a safe migration from the 

intestine, through the peritoneal cavity, and onto the liver. Proteins with immune regulatory 

activity are secreted by parasites, and these are responsible for regulating the host’s immune 
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response. Understanding the mechanisms of action of these parasite excreted/secreted products 

is critical for the development of effective anti-helminth therapies. 

The concept of immunometabolism has proposed that reprogramming the metabolic 

activity of macrophages offers a mechanism to selectively, and specifically, regulate 

inflammation and immunity (126-129). This process may be effectively used by parasitic 

worms. Indeed, the initial understanding of how macrophage phenotypes were regulated by 

different metabolic pathways emerged from studies of M2 macrophages induced by IL-4, 

secreted during helminth infection. These M2 macrophages displayed increased OXPHOS 

metabolism. It was initially thought that the maintenance of this metabolic pathway and the 

M2 phenotype was dependent on fatty acid oxidation (FAO), fuelled by lysosomal lipolysis of 

fatty acids (130).  However, it is now evident that while the IL-4 induced expression of M2 

genes simply requires a threshold level of ATP, which can be reached by OXPHOS or 

glycolysis (42), the anti-inflammatory functional activity of macrophages is mediated only by 

OXPHOS, which can be fuelled by acetyl-CoA or glutamine (41, 131, 132). The administration 

of IL-4 to mice fails to fully replicate the metabolic reprogramming of macrophages observed 

during helminth infection. This observation supports the hypothesis that additional parasite 

derived factors also have the capacity to reprogram the metabolic signature of macrophages to 

induce a functional phenotype, which can prevent inflammation (133).  

A combined proteomic and immunological approach has facilitated the characterisation 

of the regulatory proteins within the excretory/secretory products of the liver fluke, Fasciola 

hepatica (134). Biological characterisation of these proteins led to the identification of a single 

peptide, the Fasciola hepatica Helminth Defence Molecule (FhHDM-1), which has the 

capacity to modulate host inflammatory responses in vivo (72). Structurally, FhHDM-1 is 

comprised of an alpha helix with an amphipathic C- terminal region. Subsequent analysis of 

the genomes of all species of worms and mammals showed that the HDM peptides are uniquely 

expressed by flatworms (101). Phylogenetic analysis further revealed the existence of two 

distinct branches, one which has been classified as Fasciola-like HDMs, and the second, which 

exclusively contains a group of HDMs that are larger in molecular weight, termed the Sm16-

like peptides, and are only produced by the Schistosomatoidea superfamily (105). The 

Fasciola-like HDM branch, currently contains HDMs from Fasciola hepatica, Echinostoma 

caproni, Clonorchis sinensis, and Opisthorchis vivverrini, which cluster together. It also 

contains HDMs from various species of the Schistosomatoidea superfamily, although these are 

found on a separate extended branch (105). 
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Analysis of cellular binding specificity of FhHDM-1 revealed a preferential interaction 

with macrophages and monocytes in vivo and in vitro (murine splenocytes and human 

peripheral blood monocytes [PBMCs]) (102, 135). Subsequent in vitro analyses revealed that 

after interacting with the macrophage membrane, FhHDM-1 was actively internalized, and then 

localized to endolysosomes where it inhibited vacuolar ATPase (vATPase), an enzyme central 

to the regulation of lysosomal pH (111). Consequently, functional activities that are dependent 

upon an acidic lysosomal pH, such as NOD-like-receptor (NLR)-P3 activation, were inhibited 

(103). Given that the activation of NLRP3 is tightly regulated by cellular metabolism (136), 

this chapter aimed to determine whether changes in the utilisation of specific metabolic 

pathways by macrophages underpins the biological activity of FhHDM-1. Such an outcome 

would present a new opportunity to specifically, and selectively, regulate the inflammatory 

behaviour of macrophages during infection with a helminth parasite.  
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2.3. Materials and Methods 

2.3.1. Production of Parasite-derived Peptides by Chemical Synthesis  

Synthetic peptides corresponding to the sequence of the mature full-length native FhHDM-1 

(101), was synthesised to 95% purity and verified to be endotoxin free (GLBiochem, Shanghai, 

China). The peptides were solubilised in sterile, endotoxin-free water (Baxter), aliquoted, and 

stored at -80 °C until use. 

2.3.2. Isolation and Culture of Bone Marrow-Derived Macrophages (BMDMs) 

Bone marrow was harvested from 6-week-old C57BL/6 mice and cultured at 37oC/5% CO2 in 

RPMI 1640 Medium (Gibco) containing 10% v/v heat-inactivated FCS (Gibco), 2-

mercaptoethanol (Sigma-Aldrich) and 5% penicillin/streptavidin (Life Technology). The cells 

were supplemented with 50ng/ml recombinant macrophage colony stimulating factor (MCSF; 

Miltenyi Biotec) on days 1 and 3 of culture to stimulate the differentiation of monocytes to 

macrophages. At day 6, differentiated BMDMs were harvested and used for experiments. 

Culture and stimulation conditions for each experiment are described in the respective figure 

legends. Ethics approval for these studies was granted by the University of Technology Sydney 

(UTS) Animal Care and Ethics Committee (Approval Number: ETH18-2257), and experiments 

were conducted in accordance with the approved guidelines to be compliant with ‘The 

Australian Code for the Care and Use of Animals for Scientific Purposes’. 

2.3.3. Isolation of Murine Peritoneal Macrophages  

C57BL/6 mice (6 weeks old) were administered either 10g of FhHDM-1 in 100l sterile 

saline, or 100L saline, by an intraperitoneal (i.p.) injection. One hour post injection, peritoneal 

cells were harvested by lavage with 5ml sterile saline, and peritoneal macrophages were 

isolated by negative selection using the peritoneum macrophage isolation kit according to the 

manufacturer’s instructions (Miltenyi Biotec; cat # 130-110-434). The purified macrophages 

were seeded overnight in a Seahorse XFe24 cell culture microplate at 1x105 cells per well 

(0.275cm2) before analysis of metabolic activity. Ethics approval for these studies was granted 

by the University of Technology Sydney (UTS) Animal Care and Ethics Committee (Approval 

Number: ETH21-5823) and experiments were conducted in accordance with the approved 

guidelines to be compliant with ‘The Australian Code for the Care and Use of Animals for 

Scientific Purposes’. 
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2.3.4. RNA extraction, cDNA Synthesis and qPCR 

Total RNA was isolated from macrophages using the Isolate II RNA mini kit (Bioline/ Life 

Science), according to the manufacturer’s instructions. cDNA was reverse transcribed using a 

mixture of random hexamer (Life Technologies) and 10mM dNTP (Life Technologies). After 

5 min in an Eppendorf Mastercycler at 65 °C, 10 µL of reverse transcriptase master mixture 

(10X RT buffer, 25mM MgCl2, 0.1M DTT, RNAse OUTTM and SuperScript III Reverse 

Transcriptase - Superscript III First Strand Synthesis Kit [Thermo Scientific]) was added to 

samples. qRT-PCR analysis was performed using TaqMan gene expression master mixture and 

TaqMan primers (Applied Biosystems). The reaction was run on a Quant Studio™ 12K Flex 

machine for 40 cycles.  

The software programmes GeNorm (137), NormFinder (138) and Best-Keeper (139) 

were used to identify the optimal housekeeping gene to calculate the relative expression levels 

of genes by qRT-PCR. For this, the raw Ct values were transformed to different input formats 

for GeNorm and NormFinder analyses. For analysis using BestKeeper software, raw Ct values 

were used. Based on this analysis, differential gene expression was calculated after 

normalization to the Stx5a (Applied Biosystems) housekeeping gene (140). 

Table 2.1: qPCR primers specifically used in Chapter 2. 

Name Interrogated Sequence Source 

Stx5a (housekeeping) NM_001167799.1 TaqMan® 

Mm00502335_m1 

Arg1 NM_007482.3 TaqMan® 

Mm00475988_m1 

Retnla NM_020509.3 TaqMan® 

Mm00445109_m1 

Ym1 NM_00989.2 TaqMan® 

Mm00657889_mH 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001167799.1
https://www.thermofisher.com/taqman-gene-expression/product/Mm00502335_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00475988_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00445109_m1?CID=&ICID=&subtype=
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2.3.5. Analyses of Metabolic Pathways by Measuring Extracellular Flux  

The Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies) was used to measure 

the extracellular acidification rate (ECAR) and oxygen consumption rate (OCR). The Seahorse 

Flux analyser was used to determine the metabolic activity of macrophages. This system 

measures oxygen consumption rate (OCR) and extracellular acidification (ECAR) rate of live 

cells in a multi-well plate, which quantifies mitochondrial respiration and glycolysis, 

respectively. Cellular respiration and glycolysis cause measurable changes to the 

concentrations of dissolved oxygen and free protons in the well, which are measured in real-

time every few seconds by solid state sensor probes.  

The Agilent Seahorse Glycolysis Stress Test kit measures the capacity of the glycolytic 

pathway after glucose starvation. This is accomplished by driving cells toward glycolysis (by 

the addition of glucose) and assessing their ability to increase glycolytic activity to meet 

metabolic and bioenergetic demands. The assay measures basal glycolysis (following the 

addition of glucose) and glycolysis capacity upon inhibition of mitochondrial ATP production 

by the addition of oligomycin. Glycolysis is calculated by subtracting the last rate measurement 

before the glucose injection from the maximum rate measurement before the oligomycin 

injection. The glycolytic capacity is measured by subtracting the last rate measurement before 

the glucose injection from the maximum rate measurement after the oligomycin injection. 

The Agilent Seahorse XFp Cell Mito Stress Test measures key parameters of mitochondrial 

function by directly measuring the OCR of cells following the sequential addition of 

modulators of respiration to cells within wells during the assay to reveal the key parameters of 

mitochondrial function. The modulators are Oligomycin, Carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP), Rotenone, and Antimycin. Following basal 

measurements, oligomycin is injected to inhibit ATP synthase (complex V). This decreases 

electron flow, resulting in a reduction in OCR. Next, cells are treated with FCCP, an uncoupling 

agent that collapses the proton gradient and disrupts the mitochondrial membrane potential, 

consequently electron flow through the ETC is uninhibited, and OCR reaches its maximum. 

The FCCP-stimulated OCR can then be used to calculate spare respiratory capacity, defined as 

the difference between maximal respiration and basal respiration. Spare respiratory capacity is 

a measure of the ability of the cell to respond to increased energy demand or under stress. The 

final injection is a mixture of rotenone and antimycin A. This combination shuts down 

mitochondrial respiration and enables the calculation of non-mitochondrial respiration driven 

by processes outside the mitochondria. Following treatment with LPS, IL-4, or HDM peptides 
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(as described in the figure legends) BMDMs (1x105 cells per well) were rinsed twice with either 

(i) glycolysis stress test media [Seahorse Base Media w/o phenol red (Agilent Technologies)

supplemented with 2mM L-glutamine]; (ii) mito stress test media [Seahorse Base Media w/o 

phenol red supplemented with 10mM D-Glucose, 2mM L-glutamine and 2mM Na-Pyruvate 

(Life Technologies)]; or (iii) XF-mito fuel stress test media [Seahorse Base Media w/o phenol 

red supplemented 10mM D-Glucose, 2mM L-glutamine and 1mM Na-Pyruvate] before 

incubation with assay medium for 1 h at 37 °C in a non-CO2 incubator. Plates were then treated 

and assessed using the XF Glycolysis Stress Test Kit (Agilent, SEA103020100), the XF Cell 

Mito Stress Test Kit (Agilent, SEA103015100) or the XFp Mito Fuel Flex Test Kit (Agilent, 

SEA103260100), according to the manufacturers’ instructions. Briefly, primary murine 

macrophages were analysed in response to subsequent injections of 10mM glucose, 2µM 

oligomycin and 2-deoxy-glucose (2-DG) for the glycolysis stress test (ECAR); and 2µM 

oligomycin, 2µM fluoro-carbonyl cyanide phenylhydrazone (FCCP), and 0.5µM Rotenone/ 

Antimycin A (Rote /AA) for the mitochondrial stress test (OCR). For  the assessment of fatty 

acid oxidation (FAO) dependency, the OCR of macrophages were analysed in response to 

subsequent injection of a fatty acid inhibitor (4µM Etomoxir, long chain fatty acid inhibitor), 

and a combination of glutamine (3µM Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl 

sulfide, BPTES, glutamate inhibitor) and glucose (2µM 2-Cyano-3-(1-phenyl-1H-indol-3-yl)-

2-propenoic acid, UK5099, pyruvate carrier blocker) inhibitors. The percentage of maximal

capacity that is dependent upon FAO was calculated from the maximal metabolic rate from 

each treatment.  For the determination of FAO capacity, the OCR was measured from cells 

responding to a combination of glucose (2µM UK5099) and glutamine (3µM BPTES) 

inhibitors, followed by a long fatty acid inhibitor (4µM of Etomoxir). The fuel oxidation 

capacity was determined by the dependency to oxidize FA, and flexibility to use glucose (GLC) 

or glutamine (GLN). 

2.3.6. Normalization of Cell Number by CyQuant Cell Proliferation Assay  

A CyQuant cell proliferation assay kit (Invitrogen) was used to quantify cell numbers at the 

endpoint of live metabolic assays, following the manufacturer’s instructions. XFe-24 

microplates containing cells were frozen at -80 °C for 24 h upon completion of the metabolic 

flux assays. Prior to the quantification of cell numbers, the plates were allowed to reach room 

temperature before 200µL of CyQuant/cell-lysis buffer solution was added to each well. 
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Fluorescence intensity was then measured using the Infinity M200 pro plate reader at ~480 nm 

excitation and ~520 nm emission maxima.  

2.3.7. Acyl-CoA Mass Spectrometry 

To assess TCA cycle fuel utilization, BMDMs were treated with LPS (20ng/mL), IL-4 

(20ng/mL), or FhHDM-1 (2.5µM) for 24h at 37 °C and 5% CO2 followed by 1h of treatment 

with nutrient labelled/non-labelled media (100µM 13C16-potassium palmitate (Cambridge 

Isotope Laboratories) + 5mM glucose (Chem-supply), 100µM potassium palmitate (Sigma-

Aldrich) + 5mM 13C6-glucose (Cambridge Isotope Laboratories), 100µM potassium palmitate 

+ 5mM glucose in DMEM no glucose, no glutamine, no phenol red). Acyl-CoA analysis was

performed by liquid chromatography- high resolution mass spectrometry (LC-HRMS) as 

previously described by collaborators Nathaniel Snyder and Eliana von Krusenstiern (141).  

Briefly, samples and calibration standards containing commercially available acetyl-CoA 

(Sigma-Aldrich) in 10% (w/v) trichloroacetic acid in water were spiked with 13C3
15N1-acyl-

CoA internal standards, sonicated for 12 × 0.5 s pulses, protein was pelleted by centrifugation 

at 17,000 ×g from 10 min at 4 °C, then supernatants were extracted by solid-phase extraction 

using Oasis HLB 1cc (30 mg) SPE columns (Waters). Columns were washed with 1 mL 

methanol, equilibrated with 1 mL water, loaded with supernatant, desalted with 1 mL water, 

and eluted with 1 mL methanol containing 25 mM ammonium acetate. The purified extracts 

were evaporated to dryness under nitrogen then resuspended in 55 μL 5% (w/v) 5-sulfosalicylic 

acid in water. Samples, 5 µL in 5% SSA, were analyzed by injection of an Ultimate 3000 

Quaternary UHPLC coupled to a Q Exactive Plus (Thermo Scientific) mass spectrometer in 

positive ESI mode using the settings described previously (142). Quantification of acyl-CoAs 

was via their predominant [(M-507) + H]+ product ions. Data were integrated using Tracefinder 

v4.1 (Thermo Scientific) software. Isotopic enrichment in tracing experiments was calculated 

by normalization to unlabelled control samples using the FluxFix calculator (143). 

2.3.8. Measurement of Intracellular Metabolites  

BMDMs were cultured overnight with either LPS (20ng/mL), IL-4 (20ng/mL) or FhHDM-1 

(2.5µM). After removal of the supernatants, cells were washed 3 times with cold PBS. Cells 

were then harvested and snap frozen. Pellets were extracted by 80/20 methanol/water polar 

metabolite extraction. LC-HRMS was performed as previously described by collaborators 

Nathaniel Snyder and Eliana von Krusenstiern, with minor modifications (144). Briefly, an 
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Ultimate 3000 UHPLC equipped with a refrigerated autosampler (at 6 °C) and a column heater 

(at 55 °C) with a HSS C18 column (2.1 × 100 mm i.d., 3.5 μm; Waters, Milford, MA) was used 

for separations.  Solvent A was 5 mM N,N-diisopropylethylamine (DIPEA) and 200 mM 

hexafluoro-2-propanol (HFIP) and solvent B was methanol with 5 mM DIPEA and 200 mM 

HFIP. The gradient was as follows: 100 % A for 3 min at 0.18 mL/min, 100 % A at 6 min with 

0.2 mL/min, 98 % A at 8 min with 0.2 mL/min, 86 % A at 12 min with 0.2 mL/min, 40 % A at 

16 min and 1 % A at 17.9 min-18.5 min with 0.3 mL/min then increased to 0.4 mL/min until 

20 min.  Flow was ramped down to 0.18 mL/min back to 100 % A over a 5 min re-equilibration. 

For MS analysis, the UHPLC was coupled to a Q Exactive HF mass spectrometer (Thermo 

Scientific, San Jose, CA, USA) equipped with a HESI II source operating in negative mode. 

The operating conditions were as follows: spray voltage 4000 V; vaporizer temperature 200 

°C; capillary temperature 350°C; S-lens 60; in-source CID 1.0 eV, resolution 60,000. The 

sheath gas (nitrogen) and auxiliary gas (nitrogen) pressures were 45 and 10 (arbitrary units), 

respectively. Single ion monitoring (SIM) windows were acquired around the [M-H]- of each 

analyte with a 20 m/z isolation window, 4 m/z isolation window offset, 1e6 ACG target and 80 

ms IT, alternating with a Full MS scan from 70-950 m/z with 1e6 ACG, and 100 ms IT. 

 

2.3.9. Statistical Analysis 

In all cases, data are presented as means ± standard error of the means (SEMs) of multiple 

biological replicates. The comparison of data was determined by either an unpaired, two tailed 

Welch’s t-test, or a one-way ANOVA with Tukey’s multiple comparison test, using GraphPad 

Prism 7 software (GraphPad). Statistical significance was considered as a p-value <0.05. 
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2.4. Results 

2.4.1. FhHDM-1 directed macrophages to utilise oxidative phosphorylation . 

To initially assess the effect of FhHDM-1 on the metabolic activity of macrophages, 

extracellular flux analysis was used to quantify the mitochondrial oxygen consumption rates 

(OCR), indicating oxidative metabolism, and the extracellular acidification rate (ECAR) as a 

measure of glycolysis. For comparison to the broadly characterised functional metabolism of 

M1 and M2 phenotypes, bone marrow derived macrophages (BMDMs) were also stimulated 

with bacterial LPS, or recombinant IL-4, respectively. In addition, samples of macrophages 

were untreated, thus representing a resting, unstimulated M0 phenotype.  

This approach revealed that macrophages treated in vitro with FhHDM-1 displayed 

increased OCR, as compared to untreated cells, or cells treated with LPS (Figure 2.1A). 

Furthermore, the increase in maximum respiration (MR) observed in FhHDM-1 treated 

macrophages was equivalent to that seen in IL-4 induced M2 macrophages (Figure 2.1B). In 

contrast, examination of the extracellular acidification rate (ECAR) as a measure of glycolysis, 

suggested that, unlike IL-4, FhHDM-1 had no effect on the glycolytic activity (Figure 2.1C). 

FhHDM-1 treated macrophages exhibited the same maximum glycolytic activity as resting 

untreated cells, which was significantly less than values observed in cells treated with either 

IL-4 or LPS (Figure 2.1D). Validating this finding and verifying that the alteration to 

macrophage metabolism by FhHDM-1 occurs in vivo, peritoneal macrophages isolated from 

mice 1h after an i.p. injection of FhHDM-1 also showed a similarly significant increase in OCR 

as compared to macrophages from mice that received saline only (Figure 2.2).  

Despite this biased metabolic profile of cells treated with FhHDM-1 being indicative 

of an M2 phenotype, there was no evidence of any expression of the characteristic M2 markers; 

Arg-1, Retnl or Ym1 (Figure 2.3). 
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Figure 2.1: Unlike IL-4, treatment of macrophages with FhHDM-1 enhanced oxidative 
phosphorylation (OXPHOS) without modulating glycolytic activity. BMDMs were either 
untreated (UT) or treated with LPS (20ng/ml), IL-4 (20ng/ml), or FhHDM-1 (2.5µM) for 24h 
(n=5). (A) The oxygen consumption rate (OCR) was measured at basal levels and following 
sequential treatments with oligomycin, FCCP, and rotenone/antimycin A (Rot+AA) to 
determine (B) the maximum respiratory capacity of cells. Glycolytic activity was determined 
by measuring (C) the extracellular acidification rate (ECAR) and (D) maximum glycolytic 
activity as cells were treated with glucose, oligomycin and 2-DG (2-deoxy-glucose). Statistical 
significance was determined by a one-way ANOVA with Tukey’s multiple comparison test. 
Data is representative of five independent experiments and is presented as means ± SEMs. 
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Figure 2.2: FhHDM-1 enhanced oxidative phosphorylation (OXPHOS) in peritoneal 
macrophages after a single i.p. injection. (A) OCR was measured at basal levels and 
following sequential treatments with oligomycin, FCCP, and rotenone/antimycin A (Rot+AA) 
in peritoneal macrophages harvested from mice (n=10) that had received a single i.p. injection 
of either FhHDM-1 or saline. This data was used to (B) determine the maximum respiratory 
capacity of cells. Data is presented as means ± SEMs. Statistical significance was determined 
by a one-way ANOVA with Tukey’s multiple comparison test. 
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Figure 2.3: FhHDM-1 did not alter the expression of typical M2 genes. The differential 
expression of Arg1, Retnl, and Ym1 was measured by qRT-PCR in cell lysates of BMDMs 
that were either untreated or cultured with LPS, IL-4, or FhHDM-1 for 6h (n=3). Statistical 
significance was determined by a one-way ANOVA with Tukey’s multiple comparison test. 
Data is representative of three independent experiments and is presented as means ± SEMs.  
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2.4.2. FhHDM-1 induced oxidative phosphorylation (OXPHOS) is fuelled by 

fatty acids. 

Independent of a switch to an M2 phenotype, which can be mediated by either glycolysis or 

OXPHOS, the anti-inflammatory functional activity of macrophages is mediated only by 

OXPHOS, which can be fuelled by FAO or glutamine. This suggested that FhHDM-1 treated 

macrophages, although not classified as M2, may still have possessed the metabolism required 

for anti-inflammatory functionality.  

To investigate this, the preference and flexibility of macrophages to use various fuels 

was assessed. Accordingly, the dependency of BMDMs treated with either FhHDM-1 or IL-4 

on different fuels was determined by quantifying changes to the OCR after the combined 

inhibition of glycolysis and glutaminolysis, followed by the inhibition of FAO (Figure 2.4A). 

This revealed that, like IL-4 treated cells, FhHDM-1 treated macrophages had a strong 

dependency for FAO, illustrated by the decrease in OCR following the addition of etomoxir, 

an FAO inhibitor (Figure 2.4A). In fact, FhHDM-1 treated macrophages were significantly 

more dependent on FAO to drive OCR than IL-4 treated cells (Figure 2.4B) Aligning with this 

increased dependence on fatty acids, and the lack of enhanced glycolysis in FhHDM-1 treated 

macrophages (Figure 2.1), these cells also showed a reduced flexibility to use other to fuels, as 

compared to IL-4 treated cells (Figure 2.4C).  

To support this analysis, the incorporation of 13C, derived from fatty acids or glucose, 

into the central metabolite acetyl-CoA in macrophages was traced by mass spectrometry. As 

expected, unlike LPS or IL-4, which both induced an increase in glycolysis, treatment of 

macrophages with FhHDM-1 did not increase the metabolism of glucose above levels seen in 

resting, unstimulated cells (Figure 2.5A). However, surprisingly this analysis also showed that 

FhHDM-1 treated macrophages did not utilise the carbon provided by exogenous fatty acids 

(Figures 2.3B). Furthermore, the addition of exogenous palmitate did not augment the 

metabolic respiration induced by FhHDM-1 treatment (Figure 2.5C).  

Although seemingly contradictory to the measure of enhanced OCR in response to 

FhHDM-1 (Figure 2.1), and the clear dependency on FAO (Figure 2.4), these results suggested 

that the metabolic activity of macrophages induced by FhHDM-1 may be reliant on the 

oxidation of endogenous fatty acids.  
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Figure 2.4: Oxidative phosphorylation (OXPHOS) induced by FhHDM-1 had a greater 
dependency on fatty acids than IL-4 driven metabolic activity. (A) The dependency and 
capacity for different fuels to support mitochondrial respiration was determined by measuring 
OCR. BMDMs were treated with IL-4 (20ng/mL) or FhHDM-1 (2.5µM) for 24h (n=5) and 
oxidative metabolism was measured after treatment with combination of BPTES and UK5099 
(a) followed by treatment with Etomoxir (b) to determine the metabolic capacity, or with
Etomoxir (c) followed by BPTES and UK5099 (d) for fatty acids (FA) dependency. (B) The
FAO dependency was calculated from the cells ability to sustain mitochondrial respiration after
exposure to etomoxir to inhibit fatty acids. (C) The percentage of flexibility to use glucose and
glutamine was calculated by the fuel capacity minus the dependency to oxidise FA. Data is
representative of three independent experiments and is presented as means ±SEMs. Statistical
significance was determined by an unpaired parametric student t-test (two tailed, Welch’s
correction).
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Figure 2.5: Oxidative phosphorylation (OXPHOS) induced by FhHDM-1 does not utilise 
exogenous fatty acids. (A, B) The incorporation of 13C into acetyl-CoA was determined by 
mass spectrometry analysis of BMDMs that had been untreated (UT) or cultured with FhHDM-
1 (2.5µM), IL-4 (20ng/mL), or LPS (20ng/mL) for 24h followed by 1h in the presence of 13C16-
potassium palmitate of 13C16-glucose (n=6). (C) The ability of cells to utilise exogenous fatty 
acids was determined by measuring the OCR levels in BMDMs cultured with FhHDM-1 
(2.5µM) in the presence of BSA/palmitate (n=4). Statistical significance was determined by a 
one-way ANOVA with Tukey’s multiple comparison test. Data is representative of 2 and 5 
independent experiments respectively and is presented as means ± SEMs.
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2.4.3. The FhHDM-1 induced metabolic switch to oxidative phosphorylation  

(OXPHOS) in macrophages is associated with endogenous fatty acid 

synthesis concomitant with increased glutaminolysis . 

M2 (IL-4 induced) macrophages have the capacity to utilise glutamine to support their 

metabolic demands, as illustrated by the data presented here (Figure 2.4) and by a report that 

one-third of TCA carbons in these cells are glutamine derived (145). The increased 

glutaminolysis induced by IL-4 supports the de novo synthesis of fatty acids, in the absence of 

exogenous fatty acids (130). Glutaminolysis generates α-ketoglutarate (α-KG), which is 

converted to citrate either via the citric acid (TCA) cycle or by reductive carboxylation. 

Cytoplasmic citrate is then converted to acetyl-CoA for fatty acid synthesis (142, 146).   

Therefore, to investigate the hypothesis that FhHDM-1 may be inducing the synthesis 

of fatty acids in macrophages to support FAO to fuel a switch to OXPHOS, alterations in the 

abundance of different components of this pathway were measured. Macrophages that were 

treated with FhHDM-1 had significantly increased levels of α-KG and citrate, as compared to 

LPS treated cells (Figure 2.6A, B). This observation may reflect a greater dependence on FAO 

because FhHDM-1 treated macrophages had significantly higher quantities of citrate, as 

compared to IL-4 treated cells. In addition, there was a correlative dose dependent decrease in 

α-KG following FhHDM-1 treatment, as compared to IL-4 treatment, although this did not 

reach significance (p=0.06 for HDM treatment [15M]). The increased abundance of α-KG 

and citrate was coupled with a significant increase in the gene expression levels of two key 

enzymes involved in fatty acid synthesis (fatty-acid synthase [fasn] and ATP citrate lyase 

[acly]) (Figures 2.4B, C). This finding supports the hypothesis that endogenous fatty acids were 

being synthesized for subsequent oxidation. 

Finally, the likelihood that FhHDM-1 was reprogramming macrophages to utilize 

glutamine as a major carbon source to fuel the synthesis and oxidation of fatty acids was further 

supported by the observation that the OXPHOS induced by FhHDM-1 in macrophages (which 

is dependent on FAO) was significantly enhanced under glutamine replete conditions (Figures 

2.4D, E). Furthermore, both glutaminolysis and the increased expression levels of fasn and acly 

were reversed in FhHDM-1 treated macrophages by the addition of the glutaminase inhibitor, 

bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulphide (BPTES) (Figure 2.5).  
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Figure 2.6: FhHDM-1 induced glutaminolysis and synthesis of endogenous fatty acids. 
(A, B) BMDMs were treated with LPS (20ng/mL), IL-4 (20ng/mL) or FhHDM-1 (2.5µM). The 
intracellular levels of citrate and α-KG were quantified by mass spectrometry after metabolite 
extraction (n=6). (C, D) The differential expression of acly and fasn was quantified by qRT-
PCR in lysates of cells (n=3) that were untreated or treated with IL-4 or FhHDM-1(2.5µM), 
for 6h. (E) The OCR was measured in BMDMs treated with FhHDM-1 (2.5µM) for 6h in 
glutamine replete (2mM or 8mM) or depleted media for 18h (n=4). The basal oxygen 
consumption rate (OCR) was initially determined, and then measured following sequential 
treatments with oligomycin, FCCP, and rotenone/antimycin A (Rot+AA) to determine (E) the 
maximum respiratory capacity of cells. Statistical significance was determined by a one-way 
ANOVA with Tukey’s multiple comparison test. Data is representative of three independent 
experiments and is presented as means ± SEMs.  
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Figure 2.7: Oxidative phosphorylation (OXPHOS) induced by FhHDM-1 was fuelled by 
glutaminolysis and the synthesis of endogenous fatty acids. (A, B) The requirement for 
glutamine by FhHDM-1 treated cells was validated by measuring the (A) OCR and the (B) 
maximum respiratory capacity in BMDMs cultured in media (UT), or in the presence of 
FhHDM-1 (2.5µM) or a combination of FhHDM-1 and the glutamate inhibitor, BPTES 
(10µM), for 18h (n=6). (C, D) The differential expression of Acly and Fasn was quantified by 
qRT-PCR in lysates of cells (n=3) that were untreated, or treated with IL-4, FhHDM-1(2.5µM), 
or a combination of FhHDM-1 and the glutamate inhibitor, BPTES (10µM), for 6h. Statistical 
significance was determined by a one-way ANOVA with Tukey’s multiple comparison test. 
Data is representative of three independent experiments and is presented as means ± SEMs.
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2.5. Discussion  

Mitochondrial metabolism, and specifically fuel preference, has a defining role in regulating 

the inflammatory responses of macrophages (147, 148).  The data presented here shows that 

the parasite derived peptide, FhHDM-1, reprograms the metabolic activity of macrophages to 

utilise OXPHOS, which was fuelled by FAO and supported by elevated levels of citrate and α-

KG produced by glutaminolysis. In contrast to IL-4, the treatment of macrophages with 

FhHDM-1 did not increase glycolytic activity and did not induce the expression of genes 

associated with an M2 phenotype.  

It is now well established that macrophage lipid metabolism and inflammatory 

activation are linked (149, 150). The consensus has been that saturated fatty acids elicit pro-

inflammatory responses, via activation of Toll-like receptor (TLR) signalling, in both human 

and murine macrophages (151, 152). The subsequent activation of c-Jun N-terminal kinase 

(JNK) and nuclear factor-B (NF-B) signalling pathways induces endoplasmic reticulum 

(ER) stress, which leads to inflammation (153, 154). Conversely, the catabolism of fatty acids 

through mechanisms including FAO, attenuates ER stress and inflammatory responses in mice 

and humans, and sustains an anti-inflammatory phenotype (155). Increased FAO is also 

correlated with efferocytosis, a process used by regulatory/anti-inflammatory macrophages to 

remove apoptotic cells to maintain tissue homeostasis (156). However, more recently this 

simple paradigm of inflammatory function has been challenged by several observations that, 

under certain conditions, FAO can also activate pro-inflammatory responses through the 

activation of the NLRP3 inflammasome and the synthesis of IL-1β (157). Although the exact 

mechanism is still not clear, increased FAO fuelled mitochondrial reactive oxygen species 

(ROS) production has been implicated (158-160). 

These observations have led to a re-assessment of the biological activity for fatty acids 

and suggests that FAO can, depending on the context, support both pro- and anti-inflammatory 

functions. In pro-inflammatory macrophages, FAO may be used to produce ROS, which are 

needed to activate the NLRP3 inflammasome. Additionally, in a pro-inflammatory 

environment, FAO could fuel the TCA cycle to compensate for loss of metabolites, which are 

being extracted for synthesis of the macromolecules necessary to support the pro-inflammatory 

response (149). On the other hand, FAO contributes to the maintenance of anti-inflammatory 

functions, such as efferocytosis, by consuming FAs that would otherwise accumulate. 

Furthermore, oxidation of FAs from apoptotic cells enhances rates of IL-10 transcription and 

synthesis, thereby reinforcing an anti-inflammatory phenotype (161). In the context of the host 
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immune response to infection with Fasciola hepatica, it seems likely that FhHDM-1 is 

inducing a unique phenotype of macrophage, which, although not typically M2-like, utilises 

the metabolic pathways necessary to support an anti-inflammatory functional phenotype. 

However, this premise will need to be investigated further. 

The data presented here indicated that the FAO in FhHDM-1 treated macrophages was 

reliant on the synthesis of endogenous fatty acids. While this conclusion would be strengthened 

by the inhibition of FAS and a measure of subsequent FAO, the biological activity of FhHDM-

1 provides support for the hypothesis that FhHDM-1 is inducing de novo fatty acid synthesis. 

It has previously been shown that FhHDM-1 localizes to endolysosomes within macrophages 

where it inhibits vATPase (103, 111). This central role for the lysosome explains the difference 

in metabolic activity observed between FhHDM-1 and IL-4 treated macrophages, as the 

OXPHOS induced by IL-4 is primarily dependent on lysosomal lipolysis of exogenous fatty 

acids (130). As the lysosomes of FhHDM-1 treated macrophages would be less acidic (due to 

inhibition of vATPase activity), lipolysis would be inhibited, and consequently the 

macrophages would become more metabolically reliant on endogenous fatty acids synthesized 

from glutamine. This process would be dependent on increased expression levels of 

mitochondrial NADPH-dependent isocitrate dehydrogenase (IDH2), which would lead to 

increased amounts of citrate being exported from the mitochondrial matrix for FAS (162). 

However, it remains to be determined how the citrate observed in the FhHDM-1 treated 

macrophages was being produced. It is possible that citrate was generated via reductive 

decarboxylation, or carbon from glutamine being cycled around the TCA cycle, or anapleurosis 

(replenishing TCA cycle intermediates that have been extracted for biosynthesis). However, 

given the observation that glutamine increases cellular citrate, and increases OCR, and can be 

reversed by BPTES it is not dependent on the balance of those three known mechanisms. 

The premise that FhHDM-1 induced vATPase inhibition is modulating macrophage 

metabolism is further corroborated by comparison to the biological activity of the vATPase 

inhibitor, bafilomycin A1 (BafA1). Like FhHDM-1, macrophages treated with BafA1 

displayed a metabolic preference for OXPHOS, which was attributable to protons being 

rechannelled to the mitochondria due to impaired acidification of lysosomes (163). While the 

fuel source supporting this metabolic switch was not identified, Huh7 liver cells treated with 

the vATPase inhibitor, Archazolid-A, also displayed a metabolic shift to OXPHOS, which was 

shown to be glutamine dependent (164). Furthermore, increased cytosolic acidification in 

human fibroblasts was shown to induce the expression of glutaminase-1, and drive a switch 
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towards glutaminolysis (165). It has been proposed that this alteration in metabolic activity is 

required in response to the change in cellular pH, as the ammonia produced by glutaminolysis 

neutralised the cytosolic pH to prevent cell death (165). This association between lysosomal 

pH, intracellular movement of protons, and mitochondrial activity should be explored in 

FhHDM-1 treated cells to establish a definitive mechanistic link. 

Glutaminolysis also leads to the production of α-KG, which, as shown here, was 

increased in FhHDM-1 treated macrophages. This metabolite functions as a checkpoint for the 

reprogramming of macrophage phenotype and functional activity (166-168). In IL-4 treated 

cells, α-KG is an essential cofactor for the histone demethylase, jumonji domain-containing 

protein 3 (JMJD3), which mediates the demethylation of the repressive trimethylated histone 

mark (H3K27me3) to promote the expression of its target genes, notably the characteristic M2 

markers (166, 169). However, this outcome is subtly regulated by the concentration of α-KG 

(168), which might explain the lack of M2 gene expression in FhHDM-1 treated macrophages 

because these cells showed a lower abundance of α-KG than IL-4 induced M2 macrophages.  

In addition to a role in the polarization of M2 macrophages, an increased abundance of 

α-KG has also been shown to reduce the expression levels of the DNA methyltransferase, 

DNMT3B, leading to a correlative reduction in the expression levels of dynamin-1-like protein 

(Drp1) (170). This is notable as Drp1 is an enzyme, which in macrophages catalyzes 

mitochondrial fission, a morphology that is associated with enhanced glycolysis (163). Thus, 

a switch in mitochondrial dynamics from fission to fusion promoted by an increase in α-KG, 

would support the FAO and OXPHOS observed in FhHDM-1 treated macrophages.  

While some outstanding questions need to be resolved, the data presented here, 

combined with the current understanding of immune metabolism, and previous knowledge of 

FhHDM-1 biological activity, suggests an intriguing link between the macrophage lysosome, 

glutaminolysis, mitochondrial dynamics, and the regulation of macrophage inflammatory 

function. It also suggests that either blocking glutaminolysis or enhancing glycolysis in 

peritoneal macrophages during the early stages of infection with F. hepatica, may facilitate the 

development of new strategies for the control of infection with this parasite.  
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3.1. Publication statement 

The experimental data presented in this chapter and in Chapter 2 contribute to a research article, 

which has published in Frontiers in Immunology: 

Quinteros, S., von Krusenstiern, E., Snyder, NW., Tanaka A., O'Brien, B., & Donnelly, S. 

(2022). The helminth derived peptide FhHDM-1 redirects macrophage metabolism towards 

glutaminolysis to regulate the pro-inflammatory response. Front Immunol. 2023 Jan 25; 

14:1018076. 

 

The author contribution are described in the previous chapter, section 2.1. The introduction and 

discussion presented here differ from the published manuscript to better position the 

experimental work and data within the context of the PhD project and written thesis. In 

addition, numbering of sections, style of referencing, numbering of tables and figures have 

been edited to align with the formatting of the thesis.  
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3.2. Introduction 

When pro-inflammatory cytokines are not required due to the regulation or resolution of an 

inflammatory response, or at the initiation of immune tolerance, the metabolic activity of 

macrophages is typically switched from glycolysis to predominantly OXPHOS (171, 172). 

Thus, given the observed redirection of metabolic activity in FhHDM-1 treated cells described 

previously (Chapter 2), it seemed feasible that FhHDM-1 was hijacking this mechanism of 

immune-regulation to prevent pro-inflammatory immune responses in macrophages.  

The previous chapter established that the parasite secreted peptide, FhHDM-1, did not 

induce an M2 phenotype of macrophage, but rather switched the metabolic activity to a 

pathway that would support an anti-inflammatory functional phenotype. This activity aligns 

with the regulation of host immune responses that would be required as the parasite migrates 

from the intestine to the bile duct. As described in Chapter 1, after ingestion of the 

metacercariae, the NEJs excyst and perforate the intestinal epithelial as they move from the gut 

and through the peritoneal cavity to reach the liver capsule. Undoubtedly this activity releases 

host alarmins, due to damage to the epithelial layer, and causes the translocation of gut bacteria 

(64). Yet there is no evidence of a host protective pro-inflammatory response, the absence of 

which allows the parasite to complete its migratory path. Thus, the data presented in Chapter 2 

suggested that FhHDM-1 directed a metabolic preference for OXPHOS, thereby reducing the 

ability of tissue alarmins and/or bacterial ligands to initiate the glycolytic pathways that would 

be necessary to generate an M1 pro-inflammatory response. 

While a switch in macrophage phenotypes is critical to the outcome of infection with 

parasitic worms (Chapters 1 and 2), it can also change the progression of several human 

immune-mediated diseases. Compelling epidemiological evidence demonstrates a robust 

inverse correlation between the prevalence of endemic helminth infections and the incidence 

of immune-mediated disease globally (173, 174). Multiple animal-based experimental studies 

and human investigations have corroborated the potent ability of helminth infection, and/or 

treatment with their excretory-secretory products, to skew immune responses towards an anti-

inflammatory/tolerogenic profile to prevent/reverse autoimmune/inflammatory disease (60, 

175). Further, it has been shown that this protective effect can be simulated by the adoptive 

transfer of macrophages that have been exposed to helminth products and induced to undergo 

a functional modification to an anti-inflammatory/tolerogenic phenotype (176-179). 

Accordingly, understanding the mechanisms by which helminth molecules modulate the 
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functional phenotypes of macrophages opens new avenues to prevent and treat human immune-

mediated disease.   

The anti-inflammatory capacity of FhHDM-1 was previously discovered by assessing 

the protective efficacy of the peptide in animal models of immune-mediated T1D (non-obese 

diabetic [NOD] mice) and MS (Experimental Allergic Encephalitis; EAE). In these studies, the 

efficacy of recombinant/synthetic versions of the predominant proteins secreted by F. hepatica, 

proteomically identified as a cysteine protease (FhCL1), peroxiredoxin (FhPrx), and FhHDM-

1 was tested. This comparison revealed that only FhHDM-1 prevented the development of 

disease in both models (102). Understanding that FhHDM-1 preferentially interacted with 

macrophages, these cells were tested for their inflammatory capacity ex vivo. Thus, peritoneal 

macrophages were harvested from mice that had previously received the therapeutic regime of 

FhHDM-1 (10g given by i.p. injection delivered on alternate days for a total of 6 injections) 

and their ability to produce TNF in response to an ex vivo stimulation with bacterial LPS was 

measured. Macrophages isolated from mice that had been injected with FhHDM-1 produced 

significantly less TNF, as compared to animals that had received saline alone.  

This data, combined with the observed prevention of inflammatory disease in mice 

injected with FhHDM-1, identified FhHDM-1 as a potent anti-inflammatory agent. However, 

an understanding of the mechanism(s) of action of FhHDM-1 and whether this was a direct or 

indirect effect of the peptide was yet to be elucidated. The possibility that an altered metabolic 

activity facilitated this anti-inflammatory effect (as supported by data in Chapter 2) was 

investigated in this chapter. 
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3.3. Materials and Methods  

3.3.1. Methodology previously described 

Several methods used in this chapter have been previously described in Chapter 2 (2.2.1-2.2.8). 

Additionally, an inactive mutant derivative [NHP;(111)], was synthesised to 95% purity and 

verified to be endotoxin free (GLBiochem, Shanghai, China). The peptide was solubilised in 

sterile, endotoxin-free water (Baxter), aliquoted, and stored at -80 ºC until use. 

Table 3.1: qPCR primers specifically used in Chapter 3. 

Name Interrogated Sequence Source 

Stx5a (housekeeping) NM_001167799.1 TaqMan® 

Mm00502335_m1 

TNF NM_001278601.1 TaqMan® 

Mm00443258_m1 

HIF1α NM_010431.2 TaqMan® 

Mm00468869_m1 

3.3.2. Quantification of TNF and IL-6 Protein Secretion by Macrophages  

The levels of TNF or IL-6 secreted by BMDMs in response to stimulation with LPS (20ng/mL) 

were quantified using cytokine specific ELISA kits (BD Bioscience), according to the 

manufacturer’s instructions. Absorbance at 450nm was quantified using a Tecan plate reader. 

Absorbance readings were corrected for background absorbance, and then used to calculate 

cytokine concentrations by extrapolation from a standard curve. 

3.3.3. Measurement of Hexokinase Activity 

The hexokinase activity assay (Abcam-ab136957) was performed according to the 

manufacturer’s instructions. BMDMs were treated with FhHDM-1 (2.5µM or 15µM) for 1h, 

supernatants were discarded, and cells were washed twice in RPMI 1640 medium (Gibco) 

containing 10% v/v heat-inactivated FCS (Gibco). Following this, cells were stimulated with 

LPS (20ng/mL) for 18h, and then collected and homogenized in 100µL of ice-cold assay buffer. 

To allow for the homogenization process to occur, cells were incubated for 10 min on ice before 

centrifugation (10,000xg for 5 min). The supernatant was collected and assayed using the 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001167799.1
https://www.thermofisher.com/taqman-gene-expression/product/Mm00502335_m1?CID=&ICID=&subtype=
http://www.ncbi.nlm.nih.gov/nuccore/NM_001278601.1
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reaction mix, according to the manufacturer’s instructions. The development of colour was 

then measured at 450 nm every 5 min for 30 min.   

 

3.3.4. Statistical Analysis 

In all cases, data are presented as means ± standard error of the means (SEMs) of several 

biological replicates (n). The comparison of data was determined by either an unpaired, two 

tailed Welch’s t-test or a one-way ANOVA with Tukey’s multiple comparison test using 

GraphPad Prism 7 software (GraphPad). Statistical significance was considered as a p-value 

<0.05. 
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3.4. Results 

3.4.1. FhHDM-1 treatment of macrophages suppressed the pro-inflammatory 

response and reduced glycolysis, independently of a switch to OXPHOS. 

FhHDM-1 has previously been shown to reduce the production of TNF by macrophages 

leading to its characterisation as an immune regulatory peptide (102). If the switch from 

glycolysis to OXPHOS induced by FhHDM-1 was indeed regulating the inflammatory 

response, it would be expected that the production of a several cytokines would be impacted. 

Therefore, the levels of pro-inflammatory cytokines secreted by macrophages treated with 

FhHDM-1 in vitro and subsequently stimulated with bacterial LPS were measured. This 

showed that FhHDM-1 also significantly reduced the secretion of IL-6, IL-1, IL-12p70 and 

MCP-1 (Figure 3.1A). Further analysis of the suppression of TNF production in response to 

LPS stimulation demonstrated that this was a dose dependent effect, with increased 

concentrations of FhHDM-1 having a greater inhibitory effect, suggesting a direct effect of the 

peptide’s biological activity (Figure 3.1B).  

The anti-inflammatory cytokine, IL-10, has the capacity to regulate the expression of 

pro-inflammatory responses by inhibiting inflammatory induced glycolysis and promoting 

OXPHOS (40). However, FhHDM-1 treated macrophages showed no significant increase in 

the production of IL-10 in response to LPS stimulation, as compared to untreated cells (Figure 

3.1A). This observation supported the premise that FhHDM-1 was specifically targeting the 

pro-inflammatory response in macrophages by altering their metabolism, rather than exerting 

indirect effects through the increased production of regulatory cytokines, such as IL-10. 

It has been reported that the c-terminal amphipathic alpha helix of FhHDM-1 is critical 

to its biological activity, as disruption of the alpha-helix or alterations to the hydrophobicity 

prevents the inhibition of lysosomal vATPase (111). Macrophages treated with a mutant variant 

of FhHDM-1, which had 6 amino acid substitutions that abolished the hydrophobic face of the 

amphipathic region of the c-terminus (termed NHP), were not inhibited in their ability to 

produce TNF in response to subsequent stimulation with LPS (Figure 3.1B). This supports a 

direct role for FhHDM-1 and validates the hypothesis that the regulation of pro-inflammatory 

responses was mediated by changes to the lysosomal pH of macrophages following 

internalisation of FhHDM-1.  

The activation of macrophages by pro-inflammatory ligands that signal through a wide 

range of TLRs (-2, -3, -4, and -9) results in the same shift in metabolic flux, switching 
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metabolism towards glycolysis to meet the high energetic and biosynthetic demand (180). 

Metabolites that accumulate due to glycolysis reinforce the pro-inflammatory response by 

activating intracellular signalling pathways, post-transcriptional and post-translational 

regulation of components of the inflammatory response, and mediating epigenetic changes 

(181). Two of the most important signalling pathways for M1 macrophage activation are NF‐

B and Akt/mTOR. Both NF‐B and Akt pathways converge to stabilise hypoxia-inducible 

factor 1α  (HIF‐1), which subsequently increases the expression levels of glucose transporters 

(182) and glycolytic enzymes to maintain the glycolytic flux (183). HIF‐1 also promotes the 

expression of IL‐1 by activating NF‐B (184) through direct binding with the IL‐1 promoter 

(185), or by activating the inflammasome through the expression of the glycolytic enzymes, 

hexokinase‐1 (186) and pyruvate kinase isozyme M2 (PKM2) (39). 

The hypothesis that FhHDM-1 mediated an anti-inflammatory effect by altering 

metabolic preferences was tested. Accordingly, the metabolic flux and the abundance of 

elements of the glycolytic pathway in macrophages treated with FhHDM-1, and subsequently 

stimulated with bacterial LPS (a ligand for TLR-4), was examined. Corroborating this proposed 

mechanism of immune regulation, macrophages treated with FhHDM-1 showed significantly 

lower glycolytic activity in response to stimulation with LPS, as compared to untreated cells 

(Figures 3.2A, B). Furthermore, FhHDM-1 treated macrophages also displayed significantly 

lower levels of hexokinase-1 activity and HIF-1α expression levels (Figures 3.2C,D) after 

stimulation with LPS. These results validated the observed reduction in glycolysis. This 

outcome was dependent on the ability of FhHDM-1 to inhibit vATPase, as the inactive 

derivative of the FhHDM-1 peptide (NHP) exerted no effect on the metabolic activity or pro-

inflammatory response of macrophages (Figures 3.2A, B).  

Although FhHDM-1 induced an increase in OXPHOS metabolism in 

resting/unstimulated macrophages (Figure 3.3A, and chapter 2), a similar effect was not 

observed in FhHDM-1 treated macrophages that were also stimulated with LPS (Figures 3.3A, 

B). This outcome suggested that the inhibition of glycolysis, and the subsequent reduction in 

inflammatory cytokine production in response to LPS stimulation, was independent of 

OXPHOS metabolism induced by FhHDM-1. 
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Figure 3.1: FhHDM-1 inhibited the secretion of pro-inflammatory cytokines in response 
to LPS stimulation via a mechanism that was dependent on the inhibition of lysosomal 
vATPase. (A) BMDMs were treated 20ng/mL LPS or a combination of FhHDM-1 (5µM) and 
LPS for 24h (n=4). The levels of cytokines secreted after an overnight incubation were 
quantified by Bioplex. (B) BMDMs were treated with 20ng/mL LPS or a combination of 
FhHDM-1 (2.5-15µM), or NHP (15µM) and LPS for 24h (n=4). The levels of TNF secreted 
after an overnight incubation were quantified by ELISA. Data is representative of three 
independent experiments and is presented as means ± SEMs. Statistical significance was 
determined by (A) an unpaired, two tailed Welch’s t-test or (B) a one-way ANOVA with 
Tukey’s multiple comparison test.
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Figure 3.2: FhHDM-1 treatment of macrophages reduced LPS activation of the glycolytic 
pathway. (A) BMDMs were treated 20ng/mL LPS or a combination of FhHDM-1 (2.5µM) or 
NHP (2.5µM), and LPS for 24h (n=4). Then glycolytic activity was determined by measuring 
the extracellular acidification rate (ECAR) to determine (B) the maximum glycolytic activity 
as cells were treated with glucose, oligomycin and 2-deoxy-glucose (2-DG). (C, D) 
Macrophages derived from the bone marrow of C57BL/6 mice were either untreated (UT) or 
cultured for 1h with FhHDM-1 (2.5µM, and 15µM) and then stimulated with 20ng/ml LPS. 
(C) The levels of HIF1 gene expression at 6h after LPS treatment were determined by qRT-
PCR (n=3). (D) Hexokinase activity was measured in BMDMs after an overnight incubation 
with 20ng/mL LPS (n=5). Data is representative of three independent experiments and is 
presented as means ± SEMs. Statistical significance was determined by a one-way ANOVA 
with Tukey’s multiple comparison test. 
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Figure 3.3: The reduction in glycolysis in FhHDM-1 treated, LPS stimulated 
macrophages was not associated with an increase in oxidative phosphorylation
(OXPHOS). (A) BMDMs were either untreated (UT) or treated with LPS (20ng/ml), FhHDM-
1 (2.5µM), FhHDM/LPS or NHP (2.5µM)/LPS for 18h (n=5). The oxygen consumption rate 
(OCR) was measured at basal levels and following sequential treatments with oligomycin, 
FCCP, and rotenone/antimycin A (Rot+AA) to determine (B) the maximum respiratory 
capacity of cells. Data is representative of three independent experiments and is presented as 
means ± SEMs. Statistical significance was determined by a one-way ANOVA with Tukey’s 
multiple comparison test.
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3.4.2. The regulation of macrophage inflammation by FhHDM-1 was 

dependent on the induction of glutaminolysis . 

The data presented in Chapter 2 demonstrated that the OXPHOS in FhHDM-1 treated 

macrophages was dependent on glutaminolysis. There is evidence that the metabolites 

produced through this metabolic pathway can regulate inflammatory pathways. Therefore, a 

mechanistic link between the regulation of glycolysis and pro-inflammatory cytokine 

production and the metabolic conversion to glutaminolysis in FhHDM-1 treated macrophages 

was next investigated. Accordingly, both ECAR and cytokine secretion were measured in 

macrophages treated with FhHDM-1 and stimulated with bacterial LPS in the presence of the 

glutaminase inhibitor, BPTES.  

The presence of BPTES modulated neither the induction of glycolysis (Figure 3.4A, B) 

nor the production of TNF (Figure 3.4C) and IL-6 (Figure 3.4D) in response to LPS 

stimulation. However, the addition of BPTES to FhHDM-1 treated macrophages completely 

reversed both the inhibition of glycolysis and the suppression of LPS-induced TNF and IL-6 

production, with levels of both being restored to those observed in the LPS treated cells (Figure 

3.4). These data support a conclusion that FhHDM-1 induced glutaminolysis was mediating 

the regulation of inflammatory responses in macrophages by inhibiting the metabolic 

utilisation of glucose. 
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Figure 3.4: The reduction in glycolysis and pro-inflammatory cytokine production in 
FhHDM-1 treated macrophages was dependent on the induction of glutaminolysis. (A, B) 
BMDMs were either untreated (UT) or treated with LPS (20ng/mL), the glutamate inhibitor 
BPTES (10µM)/LPS, FhHDM-1 (2.5µM)/LPS or FhHDM-1/BPTES/LPS for 18h (n=4). (A) 
The glycolytic activity was determined by measuring the extracellular acidification rate 
(ECAR) and (B) the maximum glycolytic capacity of cells after subsequent treatment with 
glucose, oligomycin and 2-deoxy-glucose (2-DG). (C, D) BMDMs were cultured overnight 
with LPS (20ng/mL), BPTES (10µM)/LPS, FhHDM-1 (15µM)/LPS, or FhHDM-
1/BPTES/LPS. (C) Secreted TNF (D) or IL-6 protein was quantified in the culture media by 
ELISA (n=3). Data is representative of three independent experiments and is presented as 
means ± SEMs. Statistical significance was determined by a one-way ANOVA with Tukey’s 
multiple comparison test. 
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3.4.3. Increased glutaminolysis in FhHDM-1 treated macrophages was not 

associated with an increased abundance of succinate.  

It was previously shown (Chapter 2) that the metabolism of glutamine by glutaminolysis 

resulted in the accumulation of α-KG. This metabolite then enters the TCA cycle where it can 

be converted to succinate. The resulting ratio of α-KG:succinate influences the inflammatory 

status of macrophages. Succinate acts to stimulate pro-inflammatory cytokine production in 

LPS-treated macrophages (185, 187). On the other hand, accumulation of α-KG inhibits LPS 

induced activation of the NF-κB pathway, via post-translational modification of IKKβ, 

resulting in reduced gene expression levels of several pro-inflammatory cytokines, including 

IL-1, IL-6, IL-12, and TNF (168). In addition, an increase in α-KG levels mediates the 

induction of immune tolerance to LPS stimulation, suppressing the expression and production 

of pro-inflammatory cytokines. Importantly, these functions of α-KG appear to be independent 

of its conversion to succinate as the supplementation of α-KG-treated cells with succinate did 

not restore the inflammatory response to LPS (168). 

Examining the intracellular abundance of metabolites showed that treatment of 

macrophages with FhHDM-1, either alone or in the presence of LPS, resulted in an increased 

ratio of α-KG:succinate (Figure 3.5A). Treatment of macrophages with IL-4 alters the 

abundance of both α-KG and succinate. However, the increased ratio of α-KG:succinate in 

FhHDM-1 treated macrophages was solely attributable to an increase in the levels of α-KG, 

with no significant change in the levels of succinate, in comparison to cells stimulated with 

LPS (Figure 3.5B, C). These observations demonstrate that the regulation of inflammatory 

responses induced by FhHDM-1 correlated to an increase in α-KG, thus corroborating the 

reliance on glutaminolysis. 

Based on the described functions for α-KG, it was surprising to find that the expression 

levels of tnf mRNA remained unchanged, even at the highest concentration of FhHDM-1 used 

(Figure 3.5D). Although apparently paradoxical, this result upholds the hypothesis that 

FhHDM-1 treatment of macrophages is reducing glycolysis, as this metabolic pathway 

mediates the post-transcriptional regulation of TNF. When glycolytic flux is reduced, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme in the glycolytic pathway, 

remains bound to TNF mRNA, thereby repressing its translation (188), as observed in 

macrophages treated with FhHDM-1. However, this outcome also suggests that the increased 

abundance of α-KG in FhHDM-1 treated macrophages is mediating a different mechanism of 
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immune regulation, as opposed to the suppression of gene transcription or the induction of LPS 

tolerance. 
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Figure 3.5: The increased ratio of KG to succinate in FhHDM-1 treated macrophages 
did not correlate with the reduced expression of pro-inflammatory cytokine genes. (A) 
The intracellular ratio of α-ketoglutarate(α-KG):succinate in BMDMs treated overnight with 
LPS (20ng/mL), IL-4 (20ng/mL), FhHDM-1 (15µM), or a combination of FhHDM-1 and LPS
(n=6) was calculated from the abundance of the individual metabolites as quantified by mass 
spectroscopy. (B) Intracellular levels of α-KG and (C) succinate in BMDMs were measured by 
mass spectrometry after metabolite extraction. (D) The differential expression of TNF was 
measured by qRT-PCR in cell lysates of BMDMs that were either untreated (UT) or cultured 
with LPS (20ng/mL), FhHDM-1 (15µM), or a combination of FhHDM-1 and LPS or NHP
(inactive peptide) and LPS for 6h (n=3). Data is representative of three independent 
experiments and is presented as means ± SEMs. Statistical significance was determined by a 
one-way ANOVA with Tukey’s multiple comparison test.
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3.4.4. The regulation of inflammation by FhHDM-1 was dependent on fatty 

acid oxidation. 

While oxidative metabolism of glutamine supports the canonical TCA cycle, reductive 

carboxylation of glutamine-derived α-KG sustains FA synthesis. As described in Chapter 2, 

macrophages treated with FhHDM-1 had an increased abundance/expression of metabolites 

(citrate) and enzymes (fasn and acly) associated with this pathway. The subsequent oxidation 

of fatty acids mediated the observed increase in OXPHOS. Furthermore, although the 

mechanism is not fully elucidated, it is evident that in certain contexts, FAO mediates the 

regulation of pro-inflammatory responses.  

While treatment with FhHDM-1 during LPS stimulation supressed the secretion of both 

TNF (Figure 4.4A) and IL-6 (Figure 4.4B) cytokines as expected, this effect was reversed by 

the inclusion of the fatty acid inhibitor, Etomoxir (ETO), used at 5µM to prevent off-target 

effects (189). This outcome suggests that the enhanced abundance of α-KG in FhHDM-1 

treated cells was driving FAO, which was subsequently mediating the immune regulatory effect 

of the parasite peptide. 
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Figure 3.6: The regulation of pro-inflammatory cytokine production by FhHDM-1 was
dependent on fatty acid oxidation. BMDMs were treated with LPS (20ng/mL), LPS and 
Etomoxir (ETO; 5µM), FhHDM-1 (2.5µM)/LPS or FhHDM-1/ETO/LPS for 18h (n=3). The 
quantity of (A) TNF, and (B) IL-6 secreted was quantified by ELISA. Data is representative of 
three independent experiments and is presented as means ± SEMs. Statistical significance was 
determined by a one-way ANOVA with Tukey’s multiple comparison test.
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3.5. Discussion 

The data presented within this chapter, builds on the initial findings presented in Chapter 2, 

and supports the hypothesis that the reprogramming of macrophage metabolism mediates the 

regulation of pro-inflammatory responses. Specifically, this anti-inflammatory effect appears 

to be mediated by FAO, which is promoted by an increased abundance of α-KG produced 

through glutaminolysis. This functional activity was dependent on the inhibition of vATPase 

by FhHDM-1, providing further evidence for a link between the lysosome, metabolism, and 

the immune response in macrophages. 

α-KG is a pleiotropic metabolite with key roles in multiple metabolic and cellular 

pathways (190). The mechanism by which α-KG induces immune tolerance has not been fully 

elucidated. However, it has been shown that as a co-factor for the histone demethylase, KDM5, 

α-KG mediates the demethylation of active histone marks (H3K4me1/3) to reduce the 

expression of pro-inflammatory cytokines in macrophages (167). Nonetheless, as FhHDM-1 

treated cells did not show any change in the expression levels of TNF, this suggested an 

alternative function for α-KG in FhHDM-1 mediated anti-inflammatory effects. As described 

in Chapter 2, an increased abundance of α-KG reportedly reduces the expression of DNMT3B, 

which leads to a correlative reduction in the expression levels of Drp1 (191). Notably, Drp1 is 

enriched on mitochondria in LPS-activated macrophages, and is required for the induction of 

glycolysis, and the selective expression and/or secretion of pro-inflammatory cytokines. 

Corroborating the outcome of FhHDM-1 treatment, silencing Drp1 in macrophages resulted in 

the translational, but not transcriptional, regulation of TNF expression (192, 193). This 

pathway therefore adds to the evidence presented in Chapter 2 indicating that the increased 

abundance of α-KG in FhHDM-1 treated macrophages was altering mitochondrial dynamics 

(from fission to fusion), which, in turn, was supporting the switch from glycolysis to FAO, and 

this shift regulated the production of pro-inflammatory cytokines. As mentioned previously, 

the specific mechanism by which FAO is mediating this immune regulation remains to be 

elucidated. Nonetheless, it will be important to specifically investigate the changes in 

mitochondrial dynamics that are induced in macrophages treated with FhHDM-1 in a resting 

and inflammatory scenario and determine if this is indeed controlling the switch from 

glycolysis to FAO and OXPHOS. 

This role for α-KG would also explain the discrepancy in the literature in which 

glutaminolysis has been found to support a pro-inflammatory response induced by several 

ligands (167, 185). However, in these scenarios, the induction of M1 macrophage functional 
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phenotypes required the increased abundance of metabolites that are downstream of α-KG in 

the TCA cycle, such as succinate and fumarate. Although not all cellular metabolites were 

measured in this study, it was of interest to note that the treatment of macrophages with 

FhHDM-1 did not affect the levels of succinate produced after stimulation with LPS, but did 

increase the accumulation of α-KG. This observation suggests that the α-KG induced by 

FhHDM-1 was being utilised to support both an increase in endogenous fatty acids for FAO 

and contributed to the TCA cycle and OXPHOS. In addition, the data shows that despite the 

reduction in pro-inflammatory cytokines in macrophages treated with FhHDM-1, this was a 

regulatory effect rather than a complete immune suppression. This conclusion was drawn 

because gene transcripts of pro-inflammatory cytokines and abundance of pro-inflammatory 

metabolites under conditions of LPS stimulation remained unchanged. This mechanism 

generates a novel strategy for the regulation of inflammatory responses by a parasite-derived 

peptide. 

It is becoming widely acknowledged that metabolic reprogramming offers a unique 

strategy to fine-tune the functional activities of macrophages to limit inflammation, as opposed 

to globally suppressing inflammatory responses (126). This approach would allow for the 

targeted inhibition of pro-inflammatory pathologies, without compromising the ability of the 

patient to mount immune responses necessary for infection clearance and immunity after 

vaccination. Such a strategy represents a significant advantage over current immune 

therapeutic regimes, which are less targeted, and, accordingly, induce undesirable global 

immune suppression and detrimental off-target effects.  The demonstration that FhHDM-1 

preferentially targets macrophages to metabolically reprogram them towards immune 

regulation rather than complete immune suppression, makes this peptide an attractive 

therapeutic candidate for the multitude of conditions mediated by dysregulated or chronic 

inflammation.    
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Chapter 4: The helminth derived peptide, FhHDM-1, 

reverses the trained phenotype of NOD bone marrow 

derived macrophages to regulate pro-inflammatory 

responses 



64 
 

4.1. Introduction 

The data presented in chapter 2 and 3 showed that FhHDM-1 reprogrammed the metabolic 

activity of macrophages to regulate pro-inflammatory responses, as evidenced by a shift in 

metabolism towards glutaminolysis. This, in turn, resulted in reduced production of pro-

inflammatory effectors, suggesting the remarkable possibility that FhHDM-1 altered the 

‘trained’ innate immune response to prevent autoimmune disease.  

The concept of ‘trained immunity’ in the context of pro-inflammatory conditions, 

proposes that exposure to ligands of microbial pathogens imprints macrophages with a pro-

inflammatory memory, which endows them with the capacity to respond faster and stronger to 

future stimuli (194). This creates a long-lasting effect which is mediated by modifications to 

histones by a process that is underpinned by a change in cellular metabolism towards 

glycolysis, and away from OXPHOS (195). During immune training, the addition of methyl 

groups to the lysine 4 on the histone H3 protein (H3K4me1/3) in particular, results in the 

persistent opening of chromatin (196). This allows enhanced access to the promoter regions of 

genes encoding the pro-inflammatory cytokines, IL-6, IL-1β and TNF. The production of these 

cytokines is typically amplified in trained macrophages in response to restimulation with 

inflammatory ligands, such as LPS (197). The activation of enzymes that control histone 

methylation (198) is regulated by the metabolic intermediates produced by the glycolytic 

pathway (199). Accordingly, the marking of histones is associated with increased aerobic 

glycolytic activity in trained macrophages, as compared to untrained cells.  

Unlike the adaptive immune response, the trained innate response is not antigen 

specific. Accordingly, it has been proposed that this form of immune memory evolved to 

provide general protection against future infections of diverse origins (200). However, the 

induction of trained immunity is not limited to microbial ligands, and can also be induced by 

endogenous sterile stimuli, such as metabolites, fatty acids, glucose, and tissue damage (167, 

201, 202). In contrast to the beneficial effects of trained immunity in the context of an infectious 

threat, the inappropriate activation of an enhanced inflammatory response by endogenous 

sterile stimuli is likely to be deleterious (203). Indeed, evidence is emerging that innate immune 

memory is involved in the rejection of heart and kidney transplants (204, 205), in the initiation 

of the autoimmune condition, systemic lupus erythematosus (206), and in the inflammatory 

diseases of diet-induced type 2 diabetes (T2D) and atherosclerosis (207, 208).  
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The inappropriate activation of pro-inflammatory responses is universally associated 

with a spectrum of seemingly disparate autoimmune/inflammatory pathologies that dominate 

present-day morbidity and mortality worldwide (209, 210). Therefore, it is conceivable that a 

trained innate immune response is the common initiating factor among these conditions. 

Furthermore, the inverse correlation of endemic helminth infection and 

autoimmune/inflammatory disease (as discussed in Chapter 3), combined with the metabolic 

shift away from glycolysis in response to parasite molecules (Chapters 2 and 3) suggests that 

parasitic worms may impact the activation of this innate immune memory to prevent immune-

mediated diseases. Thus, due to the ubiquitous presence of helminth infections in our ancestors, 

the evolution of the trained immune response must have occurred in worm infected 

populations. The elimination of helminth infections from human populations, through 

increased sanitation and urbanisation, has removed the regulatory influence of helminth 

infection on the human immune response, consequently disturbing immune-metabolic 

homeostasis (211). As a result, the trained immune response is now unrestrained, and readily 

and robustly responds to endogenous sterile ligands, thereby incorrectly initiating 

inflammatory and metabolic pathways. This results in the increased prevalence of immune-

mediated diseases, such as diabetes, MS, atherosclerosis, asthma, and Alzheimer’s disease.  

Previous observations that the administration of FhHDM-1 provided protection from 

several immune-mediated diseases, such as T1D (102), MS (102), and asthma (212) strongly 

suggests modulation of a common, broad biological process, such as trained immunity. 

Furthermore, the observation that only a short treatment regime (six i.p. injections on alternate 

days over 12 days) was sufficient to provide long-term (up to 30 weeks in NOD mice; 

experimental endpoint) protection from disease, suggests an influence on the epigenetic 

regulation of inflammatory responses.  This possibility is supported by the discovery that 

BMDMs treated with FhHDM-1 in vitro had decreased glycolytic activity and a reduced 

inflammatory response to stimulation (Chapter 3), both hallmarks of a trained cell.  

This chapter will test the hypothesis that FhHDM-1 regulates the trained immune 

response in macrophages in vivo to prevent the aberrant inflammatory responses, which initiate 

autoimmunity in T1D. 
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4.2. Materials and Methods  

4.2.1. Previously Described Methodology 

The methodology for the synthesis of the parasite-derived peptide; isolation and culture of 

BMDMs; RNA extraction, cDNA synthesis and qRT-PCR; analysis of metabolic pathways and 

cell normalization; and quantification of secreted TNF and IL-6 were performed as described 

in Chapter 2 (Sections 2.3.1, 2.3.2, 2.3.4, 2.3.5, and 2.3.6) and Chapter 3 (Section 3.3.2).  

Table 4.1: qRT-PCR primers specifically used in Chapter 4. 

Name Interrogated Sequence Source 

Stx5a (housekeeping) NM_001167799.1 TaqMan® 

Mm00502335_m1 

TNF NM_001278601.1 TaqMan® 

Mm00443258_m1 

IL-6 NM_031168.1 TaqMan® 

Mm00446190_m1 

4.3.2 Treatments of Mice with FhHDM-1 

Female mice (C57BL/6, BALB/c and NOD/Lt) were purchased from the Australian Research 

Centre (ARC, Perth, Australia). NOD/Lt mice were chosen to study autoimmune diabetes. The 

NOD mouse is the most widely used and most relevant model in which to study the 

pathogenesis of TID. This is because there are striking similarities with the human disease. In 

both species, polymorphisms in MHC class II molecules confer the most disease risk, diabetes 

onset is preceded by the presence of circulating autoreactive T cells and autoantibodies that 

recognise many of the same islet antigens, and infiltration of destructive immune cells within 

the islets occurs in both humans and NOD mice (213). After acclimatisation, animals were 

randomly divided into groups (n=3-5) to remain untreated, or to receive FhHDM-1 (10 µg in 

100 µl sterile saline), or sterile saline alone. The treatment regime consisted of six i.p. 

injections, delivered on alternate days, beginning at 6-7 weeks of age. Mice were then housed 

for a further three weeks with no additional intervention, with water and standard chow 

provided ad libitum. Ethical approval for these studies was granted by the University of 

Technology Sydney (UTS) Animal Care and Ethics Committee (Approval Numbers: ETH18-

http://www.ncbi.nlm.nih.gov/nuccore/NM_001167799.1
https://www.thermofisher.com/taqman-gene-expression/product/Mm00502335_m1?CID=&ICID=&subtype=
http://www.ncbi.nlm.nih.gov/nuccore/NM_001278601.1
https://www.thermofisher.com/taqman-gene-expression/product/Mm00446190_m1?CID=&ICID=&subtype=
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2257, ETH21-5823, ETH22-7635), and experiments were conducted in accordance with the 

approved guidelines of ‘The Australian Code for the Care and Use of Animals for Scientific 

Purposes’. 

 

4.3.3 Western Blot Analyses  

BMDMs (2 x 106) from NOD/Lt or BALB/c mice were cultured overnight in R10 media 

(untreated - media only) or in the presence of LPS (20ng/mL). After removal of the supernatant, 

cells were washed twice with saline and collected by pulse centrifugation at 16,000 g. The cell 

pellets were lysed by addition of 20l Pierce RIPA buffer (Thermo Scientific) containing a 1x 

dilution of protease and phosphatase inhibitor cocktail (Thermo Scientific) with incubation on 

ice for 30 mins. Cell debris was then removed by centrifugation of the lysates for 15 mins at 

14 000 rpm at 4 oC. The protein contents of the resulting supernatants was quantified using the 

Pierce™ BCA Protein Assay Kit (Thermo Scientific). Each sample was normalised according 

to protein concentration by dilution in water and 20µl of each sample was then electrophoresed 

on 4-12% NuPAGE Bos-Tris gels (Invitrogen) in NuPAGE MES SDS running buffer. The 

Novex™ Sharp Pre-stained Protein Standard (Invitrogen) was used as a molecular weight 

marker. After complete separation of the samples, gels were transferred onto iBlot® 2 PVDF 

regular stacks using an iBlot 2 transfer device at P0 standard protocol. Membranes were 

blocked overnight in 1% BSA in TBS and then probed overnight with primary antibodies 

specific for H3K4me1 (Invitrogen, clone: 2H65L5) or H3K4me3 (Invitrogen, clone: G.532.8) 

at a concentration of 1 in 1000 in 1% BSA in TBS, followed by the addition of HRP-linked 

anti-rabbit IgG secondary antibody (Cell Signalling 7074) at 1 in 2000 in 1% BSA in TBS for 

1h. To visualise protein loading of samples, blots were stripped by washing three times for 5 

mins each in stripping buffer containing 1g/L SDS, 15g/L glycine and 1% tween 20 in milliQ 

water, blocked for 1h with 1% BSA in TBS, and re-probed for 1h with HRP-linked anti-mouse 

actin (mAbcam clone: 8226) at 1 in 5000 in 1% BSA in TBS. Blots were imaged using the 

Amersham Image Quant Imager 800. 

 

4.3.4 Statistical Analysis  

In all cases, data are presented as means ± standard error of the means (SEMs) of several 

biological replicates (n). The comparison of data was determined by either an unpaired, two 

tailed Welch’s t-test or a one-way ANOVA with Tukey’s multiple comparison test using 
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GraphPad Prism 7 software (GraphPad). Statistical significance was considered as a p-value 

<0.05. 

4.4 Results 

4.3.2 FhHDM-1 reprogrammed  the metabolic and inflammatory activities of 

bone marrow derived macrophages in vivo. 

The first stage of this investigation built on the findings of Chapters 2 and 3 and aimed to 

determine the ability of FhHDM-1 to alter the metabolic and inflammatory activities of 

macrophages progenitor cells in vivo. To replicate the previous investigation of the efficacy of 

FhHDM-1 to prevent disease, the same treatment regime was used here. Thus, C57BL6 mice 

(n=3-5) received six i.p. injections of FhHDM-1 (10g in 100l), or saline (100l) delivered 

on alternate days. To determine the longevity of any effect, the bone marrow was harvested 

three weeks after the final injection, macrophages were derived, and these BMDMs were then 

stimulated with bacterial LPS. In addition, a cohort of mice were given the same treatment 

regime of the F. hepatica cathepsin L1 protease (FhCL1). As compared to FhHDM-1, FhCL1 

exerted no protective therapeutic effect in any disease model studied (102).  Therefore, FhCL1 

served as a negative parasite-derived protein control in these experiments.  

Corroborating the results from FhHDM-1 treatment of macrophages in vitro (Chapter 

3), BMDMs of mice that received FhHDM-1 displayed a downwards trend in glycolytic 

activity in response to LPS stimulation, as compared to mice that received saline alone (Figure 

4.1A, B). The administration of FhCL1 to mice exerted no effect on the levels of ECAR, with 

BMDMs from these mice displaying the same maximal glycolytic activity in response to LPS 

as mice that had been treated with saline alone (Figure 4.1A, B). Notably, in the BMDMs 

derived from mice that were treated with FhHDM-1, levels of glycolytic activity in cells treated 

with saline ex vivo were the same as those for BMDMs from mice given either FhCL-1 or 

saline (Figure 4.1A). This suggested that FhHDM-1 exerted a specific effect in regulating the 

response of macrophages to an inflammatory ligand, as opposed to inducing an alteration in 

the metabolic activity of resting, unstimulated cells. Consistent with this reduction in glycolytic 

flux, the secretion of TNF in response to LPS stimulation was significantly decreased in 

BMDMs of mice treated with FhHDM-1, but not in those from mice treated with FhCL1 or 

saline (Figure 4.2).   

Combined, this data confirmed that FhHDM-1 altered both the metabolic and 

inflammatory pathways in macrophage precursors in vivo, which persisted up to 3 weeks after 
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FhHDM-1 treatment ceased. These observations strongly supported the premise that FhHDM-

1 was positively regulating the trained immune response, which would have been capable of 

mediating the therapeutic effects previously observed in the animal models of immune-

mediated disease.   
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Figure 4.1: Treatment of mice with FhHDM-1 reduced glycolytic activity in bone marrow 
derived macrophages stimulated with LPS ex vivo. Macrophages were differentiated from 
bone marrow harvested 3 weeks after C57BL/6 mice had received 6 i.p. injections of 0.1mg/ml 
FhHDM-1 or FhCL1 or saline delivered on alternate days. Differentiated macrophages were 
then either untreated (UT) or treated with LPS for 24h in vitro. (A) The glycolytic activity was 
determined by measuring the extracellular acidification rate (ECAR) and (B) the resting and 
maximum glycolytic capacity of BMDMs after subsequent treatment with glucose, oligomycin 
and 2-deoxy-glucose (2-DG). Data is presented as means ± SEMs (n=3) and is representative 
of two independent experiments. Statistical significance was determined by a one-way 
ANOVA with Tukey’s multiple comparison test. 
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Figure 4.2: Treatment of mice with FhHDM-1 regulated the pro-inflammatory response 
of bone marrow derived macrophages to stimulation with LPS ex vivo. Bone marrow was 
harvested from C57BL/6 mice 3 weeks after they had been treated with 6 i.p. injections of 
0.1mg/ml FhHDM-1 or FhCL1 or saline delivered on alternate days. Differentiated 
macrophages were then either treated with saline (Sal) or LPS overnight. Secreted TNF was 
quantified in the culture media by ELISA. Data is presented as means ± SEMs (n=5) and is 
representative of two independent experiments. Statistical significance was determined by a 
one-way ANOVA with Tukey’s multiple comparison test. 
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4.3.3 Bone marrow derived macrophages from Non-Obese Diabetic (NOD) 

mice displayed the characteristics of a trained immune cell . 

Before examining the ability of FhHDM-1 to specifically alter a trained immune response in 

vivo, an appropriate model was required. Given the previous work demonstrating that FhHDM-

1 permanently reversed TID in NOD mice (102), this model was chosen. The NOD mouse is 

the most widely studied model used for preclinical/translational studies of T1D because disease 

pathogenesis mimics, in many respects, that of humans (214).  

Although the initiating event for T1D has not been fully defined, viral and bacterial 

infections have long been implicated as a trigger for disease development (215), as they have 

been for other immune-mediated diseases (216, 217). Additionally, macrophages from both 

T1D patients and NOD mice display enhanced pro-inflammatory responses, and this phenotype 

is necessary for the initiation of autoimmunity (214, 218-221). Combining these observations 

with the new paradigm of trained immunity, it is plausible that in T1D patients, myeloid cells 

in the bone marrow are trained by a previous bacterial/viral infection, or an altered gut 

microbiota  (215).   The recruitment of these trained macrophages to the islets, induced by β-

cell stress signals, produces an excessive/amplified pro-inflammatory response, triggering the 

initiation of autoimmunity (222) . The ongoing interactions between macrophages and β-cells 

perpetuates a cycle of inflammation, which culminates in the activation and clonal expansion 

of autoreactive T-cells (223) , which ultimately drive the accelerated and irreversible loss of β-

cell mass leading to T1D. Based on the data here, and in previous chapters, it is conceivable 

that FhHDM-1 can prevent, or reverse, the centrally trained macrophage phenotype to mitigate 

the initiation of autoimmunity, and hence T1D.   

To first test the hypothesis that macrophages from NOD mice were indeed trained, the 

hallmarks of innate immune cell training (197): (i) methylation of histones; (ii) increased 

glycolytic activity; and (iii) enhanced pro-inflammatory immune responses to stimulation were 

measured in BMDMs of untreated mice. These readouts were compared to those for BMDMs 

derived from diabetes-resistant, non-inflammatory BALB/c mice.  

These data revealed, for the first time, that the histone H3K4 in macrophages 

differentiated from the bone marrow of untreated NOD mice (aged 11 weeks of age) was both 

mono (H3K4me1)- and tri (H3K4me3)-methylated (Figure 4.3). In comparison, the BMDMs 
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of age matched BALB/c mice showed no methylation of the same histone. This suggests that 

the immune progenitor cells in the bone marrow of NOD mice were ‘trained’, thus driving the 

inflammatory disease-promoting phenotype of macrophages. Notably, there was some 

variability in the extent of methylation across the entire cohort of NOD mice, as illustrated by 

the representative data in Figure 4.3. This likely reflects the asynchronous T1D onset and 

incomplete disease penetrance (80% among females) in the NOD mice (224).  

Correlating with this increase in histone methylation, the glycolytic activity in NOD 

BMDMs that were unstimulated ex vivo was significantly higher than that of BMDMs from 

BALB/c mice. This observation was consistent regardless of whether the BMDMs were 

resting, stimulated with glucose, or functioning at maximal metabolic activity (Figure 4.4A, 

B). Furthermore, although the maximal glycolytic activity of BMDMs from NOD and BALB/c 

mice after LPS stimulation was the same (Figure 4.4A, B), there was a significant difference 

in the immediate response to glucose stimulation. Glycolytic activity in NOD BMDMs 

stimulated ex vivo with LPS increased to maximal levels within minutes of being exposed to 

glucose. These levels far exceeded the glycolytic activity in LPS treated BALB/c macrophages 

at the same timepoint (Figure 4.4A, B). These data indicate that the NOD BMDMs were 

metabolically primed for an immediate and enhanced response to stimulation with a secondary 

ligand.   

Further verification that BMDMs from NOD mice were centrally trained came from 

observations of increased expression and secretion of pro-inflammatory cytokines. The 

production of both IL-6 and TNF in response to LPS stimulation was significantly higher in 

BMDMs from NOD mice, as compared to macrophages from BALB/c mice (Figure 4.5A-D). 

Collectively, these data support the hypothesis that BMDMs in NOD mice are ‘trained’ 

by the methylation of histones, and therefore react with a quicker and heightened pro-

inflammatory response to subsequent stimulation, as compared to untrained BMDMs from a 

non-inflammatory, diabetes-resistant strain of mouse.  
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Figure 4.3: Lysine 4 on Histone 3 was mono- and tri- methylated in bone marrow derived 
macrophages from NOD mice. Macrophages were differentiated from the bone marrow of 
age-matched BALB/c (B) or NOD (N) mice at 11 weeks of age. Cell lysates were normalised 
by protein concentration, and the methylation status of H3K4 was analysed by western blot 
using primary antibodies specific for H3K4me1 and H3K4me3. The protein loading of each 
sample was determined by the detection of actin. The data shown is representative of n=5 
BALB/c and NOD mice. 
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Figure 4.4: Bone marrow derived macrophages from NOD mice had higher glycolytic 
activity than macrophages from BALB/c mice. Macrophages were differentiated from the 
bone marrow of age-matched BALB/c or NOD mice at 11 weeks of age and then were either 
untreated (UT) or treated with LPS for 24h. (A) The glycolytic activity was determined by 
measuring the extracellular acidification rate (ECAR), and (B) the resting, immediate and 
maximum glycolytic capacity of macrophages after subsequent treatment with glucose, 
oligomycin and 2-deoxy-glucose (2-DG) Data is presented as means ± SEMs (n=5) and is 
representative of three independent experiments. Statistical significance was determined by a 
one-way ANOVA with Tukey’s multiple comparison test. 
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Figure 4.5: Bone marrow derived macrophages from NOD mice produce an increased 
pro-inflammatory response to LPS stimulation ex vivo, as compared to macrophages 
derived from the bone marrow of BALB/c mice. Macrophages were differentiated from the 
bone marrow of age-matched BALB/c or NOD mice at 11 weeks of age, and then were either 
untreated (UT) or treated with LPS overnight (A, B) or for 6h (C, D). Secreted TNF (A) and 
(B) IL-6 was quantified by ELISA. The differential expression of (C) TNF and (D) IL-6 was
measured by qRT-PCR. Data is presented as means ± SEMs (n=5) and is representative of two
independent experiments. Statistical significance was determined by a one-way ANOVA with
Tukey’s multiple comparison test.
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4.3.4 FhHDM-1 downregulated the epigenetic markers to regulate, but not 

fully suppress, the pro-inflammatory immune response of NOD bone 

marrow derived macrophages.  

Next, the hypothesis that FhHDM-1 regulated macrophage training in NOD mice to prevent 

T1D onset was tested. Once again, the previous treatment regime that prevented T1D was 

utilised. Thus, FhHDM-1 was delivered i.p. on alternate days, for a total of six injections, to 

NOD mice, beginning at 6 weeks of age. At 11 weeks of age, three weeks after the final 

injection of FhHDM-1, the bone marrow was harvested. Macrophages were differentiated in 

vitro after which the methylation of H3K4 was assessed. In addition, BMDMs from saline or 

FhHDM-1 treated NOD mice were stimulated with bacterial LPS, after which the glycolytic 

activity and cytokine production were measured.  

Validating the hypothesis that FhHDM-1 was regulating the trained immune response, 

there was a notable reduction of mono-methylation, and a significant reduction of tri-

methylation of histone H3K4 in macrophages differentiated from the bone marrow of NOD 

mice that had received FhHDM-1 (Figure 4.6).  Furthermore, the glycolytic flux in response to 

LPS in the BMDMs of FhHDM-1 treated mice was also significantly reduced, as compared to 

those from NOD mice that had received saline (Figure 4.7A, B). Correlating with these 

changes, the production of both TNF (Figure 4.8A) and IL-6 (Figure 4.8B) in response to LPS 

was significantly suppressed in the FhHDM-1 treated NOD mice, as compared to those given 

saline alone. However, consistent with the previous in vitro analysis (chapter 3), this effect was 

not replicated at the gene expression level, with no change in the expression levels of IL-6 or 

TNF in response to LPS stimulation in macrophages from mice that had received either saline 

or FhHDM-1 (Figure 4.8C, D) 

Notably, the administration of FhHDM-1 to NOD mice had no significant effect on the 

glycolytic activity of unstimulated BMDMs (Figure 4.7A), suggesting the specific regulation 

of only LPS activated, and not resting, macrophages. Furthermore, a direct comparison of LPS-

induced cytokine levels in macrophages derived from the bone marrow of saline treated 

BALB/c mice, saline treated NOD mice, and FhHDM-1 treated NOD mice revealed that the 

pro-inflammatory response to bacterial LPS was not abolished in macrophages from FhHDM-

1 treated NOD mice, but rather restored to the level observed in cells from immune competent 
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BALB/c mice (Figure 4.9). This finding implies a subtle fine-tuning of immune responses, 

rather than a switch to an anti-inflammatory phenotype, or complete immune suppression. 

 

 

 

Figure 4.6: Methylation of H3K4 was reduced in bone marrow derived macrophages 
from NOD mice that had been treated with FhHDM-1. Macrophages were differentiated 
from the bone marrow of NOD mice 3 weeks after they had received 6 i.p. injections of 
0.1mg/ml FhHDM-1 (F) or saline (S). (A) Cell lysates were normalised by protein 
concentration and the methylation status of H3K4 was analysed by western blot using primary 
antibodies specific for H3K4me1 and H3K4me3. The protein loading of each sample was 
determined by the detection of actin. The data shown is representative of n=10 NOD mice from 
each treatment. (B, C) Quantification of western blots were performed by the Amersham 
imager software in which each protein bands was normalised to its corresponding actin value 
generating an arbitrary unit. Statistical significance was determined by a paired t-test. 
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Figure 4.7: Treatment of NOD mice with FhHDM-1 significantly reduced the glycolytic 
activity induced by LPS stimulation of bone marrow derived macrophages ex vivo. 
Macrophages were differentiated from the bone marrow of NOD mice harvested 3 weeks after 
treatment with 6 i.p. injections of 0.1mg/ml FhHDM-1 or saline, and then stimulated in vitro 
with LPS for 24h. (A) The glycolytic activity was determined by measuring the extracellular 
acidification rate (ECAR), and (B) the maximum glycolytic capacity of cells after subsequent 
treatment with glucose, oligomycin and 2-deoxy-glucose (2-DG). Data is presented as means 
± SEMs (n=5) and is representative of two independent experiments. Statistical significance 
was determined by a one-way ANOVA with Tukey’s multiple comparison test. 
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Figure 4.8: Treatment of NOD mice with FhHDM-1 reduced the production, but not gene 
expression levels of TNF and IL-6, in response to LPS stimulation of bone marrow 
derived macrophages in vitro. Macrophages were differentiated from the bone marrow of 
NOD mice 3 weeks after treatment with 6 i.p. injections of 0.1mg/ml FhHDM-1 or saline, and 
then stimulated in vitro with LPS either overnight (A, B) or for 6h (C, D). Secreted (A) TNF 
and (B) IL-6 was quantified by ELISA. The differential expression of (C) TNF and (D) IL-6 
was measured by qRT-PCR. Data is presented as means ± SEMs (n=5) and is representative of 
two independent experiments. Statistical significance was determined by a one-way ANOVA 
with Tukey’s multiple comparison test. 
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Figure 4.9: Treatment of NOD mice with FhHDM-1 prevented the enhanced (trained) 
pro-inflammatory response of macrophages to LPS. The production of (A) TNF and (B) 
IL-6 was measured in the supernatants collected from LPS stimulated macrophages derived 
from the bone marrow of BALB/c mice (as shown in Figure 4.5A, B), NOD mice treated with 
saline, and NOD mice treated with FhHDM-1 (as shown in Figure 4.9A, B). For direct 
comparison, these samples were re-analysed in the same ELISA. Data is presented as means ± 
SEMs (n=5) and is representative of two independent experiments. Statistical significance was 
determined by a one-way ANOVA with Tukey’s multiple comparison test. 
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4.4 Discussion 

This chapter presents the first demonstration of a trained innate immune response in T1D and 

provides the first evidence that a single helminth derived peptide regulates this phenomenon. 

Bone marrow derived macrophages from untreated NOD mice, but not from T1D resistant 

BALB/c mice, displayed increased mono- and tri- methylation of H3K4, enhanced glycolytic 

activity, and elevated secretion of TNF and IL-6, in response to stimulation with bacterial LPS. 

All hallmarks of a centrally trained immune response. The administration of FhHDM-1 to NOD 

mice, using the treatment regime that prevented the onset of T1D, significantly reduced the 

methylation of H3K4 in BMDMs. The variability seen in the methylation levels from NOD 

mice within the saline group was attributed to the asynchronous nature and incomplete disease 

penetrance in this colony of mice. Nonetheless, methylation ofH3K4 was reduced in every 

mouse treated with FhHDM-1 suggesting that in the instances where macrophages from NOD 

mice were methylated, FhHDM-1 significantly reduced this. Remarkably, this was associated 

with the regulation, but not suppression, of the response to inflammatory ligands, with levels 

of pro-inflammatory cytokines produced reflecting the response of macrophages from immune 

competent, non-diabetic mice. Collectively, these data reveal that NOD macrophages are 

trained, and that FhHDM-1 can reverse this central training to re-establish immune-metabolism 

homeostasis and prevent T1D. 

It has long been recognised that macrophages from diabetic patients (and mouse models 

of disease) display enhanced inflammatory responses, an immune profile that is central to the 

initiation of autoimmunity and disease development (207, 208). Testament to this, elimination 

of these macrophage populations halts diabetes development (225). The data presented here 

provides support for the premise that this state of heightened reactivity is attributable to an 

aberrant trained innate immune response, characterised by increased glycolytic activity and 

methylation of H3K4 in BMDMs. This discovery also provides a putative mechanistic 

framework to explain the long-term association of T1D with previous viral infections (226-

228), most recently the SARS-CoV-2 virus (229). Whether viral proteins are directly training 

the macrophages, or if the resulting imbalance in the gut microbiome and associated bacterial 

translocation, provides the activating signal remains to be elucidated (215). However, as the 

NOD mice used in this study were housed in specific pathogen free conditions, alterations to 

gut microbiota, rather than exposure to an infectious agent, may have been initiating the 

training of macrophages reported here. Indeed, it has been reported that NOD mice develop 

disease with an increased incidence in specific pathogen free, as compared to germ free, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/nod-mice
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conditions suggesting a protective role for gut commensals, which has also been demonstrated 

for humans and autoimmune disease (230). Furthermore, in NOD mice there is a higher 

penetrance of disease in the females, as compared to the male mice (224, 231), which has been 

attributed, in part, to differing gut microbiota (232, 233). Subsequent analysis of the microbiota 

between newborn NOD female mice and non-autoimmune strains of mice (BALB/c and 

C57BL6) confirmed an association between gut dysbiosis, pro-inflammatory responses, and 

the diabetogenic immune response (232).  

An association with an altered gut microbiota and aberrant inflammatory responses is 

now becoming universally associated with a spectrum of seemingly disparate pathologies that 

dominate present-day morbidity and mortality worldwide (234, 235). However, exactly how 

the immune system and the microbiota interact to promote and maintain disease remains 

unknown. Despite variation in dysbiosis across autoimmune diseases, there is evidence to 

suggest that specific bacteria can promote or inhibit immune responses, collectively suggesting 

that there may be a significant polymicrobial impact on inflammatory states (236-238). Of 

relevance to this study, patients with T1D display changes in the ratios of the main phyla within 

the gut microbiome.  Patients with T1D exhibit decreased Bacteroidetes and lower bacterial 

diversity, as compared to that of age-matched, genotype-matched, non-autoimmune individuals 

(239). Additional evidence shows that T1D incidence is associated with an increased 

abundance of Clostridium and decreased Bifidobacterium and Lactobacillus microbes, as 

compared to healthy subjects (240). Further, a study in children showed that a low abundance 

of bacteria responsible for lactate and butyrate production was associated with β-cell 

autoimmunity (241).  Based on the evidence presented here, it is conceivable that a trained 

innate immune response initiated by ligands from altered populations of gut microbiota may 

be a common event initiating disease development.  

However, in the same way that the immune system has co-evolved with the gut 

microbiota, it has also co-evolved in the presence of helminth parasites. Therefore, it is highly 

likely that helminths and gut microbiota must also have co-evolved. Accordingly, there is 

growing evidence that infection with helminth parasites can alter the composition of the gut 

microbiota (242-245), which, in turn, mediates a beneficial effect in preventing immune-

mediated disease (246, 247). While the focus of most studies has been on a correlation between 

helminth infection and altered populations of gut bacteria, the evidence that in germ-free mice 

helminth infection can still regulate the immune response to viral infection (248), indicates that 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bacteroidetes
https://www.sciencedirect.com/topics/medicine-and-dentistry/bifidobacterium
https://www.sciencedirect.com/topics/medicine-and-dentistry/lactobacillus
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the beneficial effects of parasitic worms can also occur independently of any change in the 

resident commensal microbiota.    

The data presented within this chapter proposes a likely mechanism to explain this 

regulation of immune responses, which, although not directly altering the population of 

commensal bacteria, may be preventing the aberrant induction of a trained immune response 

induced by an altered microbiota. The discovery of reduced histone methylation, a switch to 

glycolysis, and reduced pro-inflammatory responses, adds support to the emerging hypothesis 

that helminth infections, and their secreted proteins, are imprinting a long-lasting regulation of 

macrophage activation. This would, in turn, mediate the beneficial effects of parasitic worms 

in preventing/reversing immune-mediated disease. Bone marrow derived myeloid cells from 

S. mansoni infected Apoe-/- mice (a model for cardiovascular disease and atherosclerosis)

displayed increased OXPHOS, and other metabolic signatures (133) associated with reduced 

inflammatory signalling. Furthermore, this reprogrammed phenotype was adoptively 

transferable to uninfected mice, which were subsequently protected from obesity and glucose 

intolerance, suggesting a long-lasting memory of metabolic reprogramming and immune 

regulation (133). Although not explored, these findings suggest that S. mansoni infection is 

metabolically reprogramming the myeloid lineage to regulate the training of macrophages by 

glucose and lipids, thereby preventing the aberrant activation of the pro-inflammatory 

responses that drive immune-mediated metabolic disease. Similarly, the administration of 

either total extracts, or the excretory/secretory products, of F. hepatica to mice altered the 

metabolic profile, and reduced pro-inflammatory responses in BMDMs (179, 249). This effect 

was sufficiently potent to provide protection from experimental allergic encephalomyelitis 

(EAE) after adoptive transfer (179). However, in contrast to the effects of FhHDM-1 observed 

here, in all the aforementioned studies BMDMs displayed characteristics of an M2 phenotype 

and a general anti-inflammatory profile, characterised by increased secretion of cytokines, such 

as IL-10 and TGF. While not tested, this may result in the more generalised immune 

suppression associated with helminth infections, rather than the subtle regulation of training 

and the restoration of immune homeostasis observed after administration of FhHDM-1 to NOD 

mice. This difference likely reflects the broad, heterogenous mix of molecules (both host and 

parasite) present during a helminth infection, or within the excretions and secretions of 

parasites. In contrast, the administration of a single isolated peptide is able to produces a more 

subtle regulation of inflammatory responses.  It is now important to validate this apparent 

rebalancing of immunity induced by FhHDM-1, and to demonstrate that the beneficial effects 



85 
 

of FhHDM-1 treatment in the prevention of autoimmunity do not prevent the protective 

immune response to infection or vaccination. Some support for this outcome has been 

previously reported. There was no change in T-cell proliferative responses or cytokine 

production observed in the lymph nodes of mice treated with FhHDM-1, as compared to 

controls. In addition, the antibody response to multiple injections of keyhole limpet 

haemocyanin (KLH) was unaffected in FhHDM-1 treated mice (102), suggesting an intact B-

cell and T-cell adaptive immune responses. To build on these observations, FhHDM-1 treated 

NOD mice could be challenged with a viral or bacterial infection, or a vaccination, and the 

subsequent stimulation of protective pathogen specific immune responses measured.  

This fine-tuning of macrophage pro-inflammatory responses by FhHDM-1 can be 

explained by the observation that the peptide regulates immune responses post-

transcriptionally, as illustrated by the significant reduction in TNF and IL-6 protein production, 

without any change to the gene transcription levels of these cytokines. This is contradictory to 

the reported impact of methylation of H3K4 which has been correlated to enhanced 

transcription levels of TNF and IL-6 and removal of these methylation marks reduces access 

to the promoters for these cytokines, thus decrease their levels of transcription (250, 251). 

Although H3K4me1/3 has been the focus of most previous studies of the epigenetic regulation 

of the trained innate immune response, several other histone modifications are associated with 

the transcriptional regulation of TNF and IL-6 (252-255). In addition, there is evidence of 

differential methylation and acetylation of histones in macrophages from different mouse 

strains, which results in distinct transcriptional profiles in response to stimulation (256). 

Therefore, it will be important to next expand on the data presented here and perform a global 

analysis of histone modifications, and associated open chromatin regions, in macrophages from 

NOD mice with and without FhHDM-1 treatment. This could be achieved using chromatin 

immunoprecipitation and assay of transposase-accessible chromatin using sequencing (ATAC-

seq) following stimulation of macrophages with LPS, and comparing results to untreated cells. 

These studies would provide a definitive functional association between specific methylation 

or acetylation marks on relevant histones and altered transcription of specific cytokines in NOD 

mice and determine if this is modulated by FhHDM-1.  

Independent of a role in the regulation of gene transcription, the methylation of H3K4 

also controls mitochondrial dynamics (257), with the absence of methylation associated with 

the reduced expression of Drp1 (258), an enzyme that is necessary for mitochondrial fission. 

As previously discussed in Chapters 2 and 3, like the effect of FhHDM-1, silencing Drp1 in 
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macrophages results in the post-transcriptional regulation of TNF  (192, 193). Thus, the 

discovery here that FhHDM-1 acts to demethylase H3K4 corroborates the previous in vitro 

data presented in Chapters 2 and 3. The data also further supports a mechanism in which 

FhHDM-1 controls the mitochondrial dynamics of macrophages to reprogram metabolic 

activity, and consequently regulate pro-inflammatory responses. Further support for the 

association between mitochondrial dynamics and regulation of cytokine transcription is 

provided by reports that shifts in mitochondrial activity, and the utilisation of metabolic 

pathways, promotes the phosphorylation of eukaryotic translation initiation factor 2 (eIF2), 

which, in turn, represses the translation of several cellular and viral mRNAs (259). 

Additionally, elF4E is a similar cap-binding protein also regulated by mitochondrial dynamics 

(260), and has been shown to regulate innate immunity and promote M2 macrophages (261, 

262). The elF4E protein has more specifically been shown to regulate the post-transcriptional 

regulation of TNF and IL-6 expression in macrophages in response to LPS stimulation (263). 

To test this hypothesis, the dynamics of macrophage mitochondria following stimulation with 

LPS (to induce fission), in the presence and absence of FhHDM-1, could be visualised and 

quantified using confocal microscopy to follow the uptake of MitoTrackerTM. These 

observations could then be correlated to a switch in mitochondrial activity, and the translational 

regulation of cytokine production.    

Collectively, the results described in this chapter suggest the feasibility of a new 

treatment paradigm involving the therapeutic targeting of the trained immune response to 

specifically modulate the pro-inflammatory responses of macrophages to prevent 

autoimmunity, without the induction of immune suppress per se. It has previously been 

reported that FhHDM-1 prevents T1D, and MS, in murine models (102). This protective effect 

was attributed to the preferential interaction of FhHDM-1 with macrophages, thereby offering 

a targeted peptide treatment (102). The current study has established that macrophages from 

NOD mice are centrally trained. Importantly, FhHDM-1 can remove the epigenetic markers 

and reprogram metabolism in NOD macrophages. Furthermore, FhHDM-1 does not impact the 

metabolic activity of resting cells, instead specifically regulating, but not fully suppressing, the 

response to stimulation with an inflammatory ligand. These findings suggest that FhHDM-1 

can recreate the ancestral microenvironment in which innate immune training evolved, and 

thus restore the balance between activation and regulation of inflammation. While a causal link 

to disease outcomes, and a deeper understanding of the molecular mechanisms that mediate 

these effects in vivo will be required, the current study offers a potential, and previously 
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unexplored, therapeutic strategy for T1D, and likely other autoimmune/inflammatory 

disorders. 
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Chapter 5: General Discussion 
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The innate immune system evolved to provide protection from infection and tissue damage. 

However, in recent decades, excessive and inappropriate inflammatory responses have caused 

an increased incidence of inflammatory diseases, such as diabetes mellitus, non-alcoholic fatty 

liver disease, neurodegenerative conditions, and various autoimmune disorders (264). Immune-

mediated disease is now the most predominant cause of death globally, with more than 50% of 

all deaths being attributable to these disorders, and currently there are no cures for these 

diseases. The existing state-of-the-art in therapeutics target key components of the 

inflammatory pathways. While these strategies do suppress pathophysiology and symptoms in 

some patients, this is achieved against a burden of toxicity and global immune-suppression, 

and typically full remission from disease does not occur or is transient (265). Thus, alternative 

treatments for the vast array of immune-mediated diseases, which share the aetiology of 

aberrant macrophage activation, are urgently required. 

Previously, a single peptide, FhHDM-1, secreted by the liver fluke, Fasciola hepatica, 

was shown to prevent multiple disparate immune-mediated diseases: T1D, MS and asthma in 

murine models (102, 212). This PhD project has determined a significant mechanism of action 

by which FhHDM-1 exerts this efficacy. Namely, FhHDM-1 can restore the balance between 

the activation and regulation of inflammatory responses in mammalian macrophages. 

Specifically, by reprogramming the metabolic activity of macrophages, FhHDM-1 altered 

histone methylation, and post-transcriptional regulation of pro-inflammatory cytokine (TNF 

and IL-6) production. Importantly, this effect was observed in BMDMs of NOD mice (which 

develop immune-mediated diabetes). Only a short time course of FhHDM-1 treatment 

(previously shown to prevent T1D in NOD mice) reduced pro-inflammatory cytokine 

production to the levels observed in immune-competent, nondiabetic-prone mice. Furthermore, 

the changes to macrophage metabolism and cytokine production were only observed after 

stimulation with the inflammatory ligand, LPS, and not in resting cells. As such, the data 

presented in this project indicates that FhHDM-1 does not induce an anti-inflammatory 

phenotype or cause immunosuppression, rather it re-establishes metabolic/immune 

homeostasis. These data authenticate FhHDM-1 as a novel peptide for the treatment of 

immune-mediated diseases caused by excessive and pro-inflammatory responses of 

macrophages. 

Inflammatory pathways evolved in an ancestral microenvironment in which parasitic 

worms were ubiquitous (173, 242). This is not the case today. The traditionally endemic 

prevalence of helminths in human populations has been broadly attributed to their ability to 
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regulate host immune responses, such that chronic infections are established, which ensure 

longevity and reproductive success [(266); and reviewed in Chapter 1]. The bystander effect of 

immune regulation by helminths is the prevention of diseases that are mediated by chronic 

inflammation or autoimmunity. Indeed, clinical and experimental evidence has established an 

inverse correlation between helminth infection and immune mediated diseases globally (173). 

Accordingly, understanding the immune-regulatory mechanisms utilised by helminths will 

inform the development of strategies for the prevention/treatment of immune mediated diseases 

and parasite infections.  

Macrophages are central to the immediate immune response to infection with all 

helminths (reviewed in Chapter 1), and in the initiation of most immune-mediated diseases 

(267). Accordingly, targeting macrophages is a novel immune therapy for both parasite 

infections (61, 268) and human inflammatory diseases (269). As described in Chapter 1, 

macrophages have been phenotypically classified and exist along a continuum of functional 

activities, with pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages at 

each pole of this continuum. This polarisation of macrophage phenotype/function ensures an 

efficient response to challenges within dynamic microenvironments. During the initial stages 

of infection or injury, macrophages differentiate into a pro-inflammatory M1 functional state 

to facilitate efficient microbial killing. In contrast, M2 macrophages predominate during the 

resolution of inflammation. This sequential dominance of different macrophage phenotypes 

ensures the appropriate induction and then termination of inflammatory responses, and the 

induction of tissue repair mechanisms. During helminth infections, there is a deficit of M1 

macrophages, and instead M2 cells dominate. This alteration to the highly evolved mammalian 

response to infection is partly mediated by the molecules excreted/secreted by the parasites 

(described in Chapter 1), which regulate the activation of an M1 phenotype and/or induce the 

differentiation of M2 macrophages. Therefore, understanding how these immune-modulatory 

parasite molecules achieve these outcomes would provide a potential strategy for effective anti-

helminth treatments. Furthermore, as M1 macrophages are most typically associated with the 

initiation of autoimmunity and chronic inflammation in humans, exploiting the mechanisms by 

which helminths regulate macrophage responses, would provide a novel therapeutic strategy 

for immune mediated diseases.    

The peptide, FhHDM-1, which was the focus of this project, had previously been shown 

to reduce pro-inflammatory responses in macrophages, and to prevent immune-mediated 

diabetes, autoimmune demyelination, and allergy induced asthma in murine models (102, 212, 
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270). Although it was also known that FhHDM-1 was internalised by macrophages, after which 

it inhibited vATPase, thereby preventing lysosome acidification (103), it was unknown how 

FhHDM-1 impacted the regulation of macrophage immune responses. The initial investigation 

in this project (Chapter 2) was inspired by the emerging association between lysosomal pH and 

mitochondrial metabolism (271), and the functional link between macrophage metabolism and 

immune functionality (272). Examining the metabolic activity of macrophages treated in vitro 

with FhHDM-1 revealed a switch from glycolysis to OXPHOS, which was supported by 

endogenous FAO with a dependency on glutaminolysis. Although this metabolic signature has 

been typically associated with an M2 phenotype (induced by IL-4), FhHDM-1 treated 

macrophages did not alter the expression levels of the characteristic M2 markers. However, a 

predominant switch to OXPHOS and utilisation of FAO is also associated with the resolution 

of inflammation, which suggested that FhHDM-1 was mimicking mammalian immune 

regulation to prevent pro-inflammatory immune responses, which would be detrimental to the 

invading Fasciola parasites. This hypothesis was examined by stimulating FhHDM-1 treated 

macrophages with the M1 inducing ligand, LPS (Chapter 3). The data confirmed that the switch 

to glutaminolysis induced by FhHDM-1 reduced the glycolytic activity of LPS stimulated 

macrophages, which consequently reduced the secretion of TNF and IL-6. These outcomes 

were dependent on the inhibition of lysosomal acidification, which established an explicit link 

between macrophage lysosomes, mitochondria, and inflammation. 

Importantly, this ability of FhHDM-1 to modulate the metabolic activity of 

macrophages suggested a broad therapeutic effect because glycolysis is central to the induction 

of a trained immune response (273). While it was proposed that trained immunity evolved as a 

mechanism to protect against infection, it is now acknowledged that the training of 

macrophages can lead to the induction of inappropriate and amplified pro-inflammatory 

responses, which mediate human disease (274). To test the possibility that FhHDM-1 could 

indeed influence the immune response of a trained macrophage, it was first established that 

macrophages from NOD mice, which spontaneously develop immune-mediated diabetes, 

displayed the characteristics of a trained immune cell (Chapter 4). Remarkably, the 

administration of FhHDM-1 to NOD mice (using the same treatment regime that prevented 

disease) removed the epigenetic marks on the BMDMs, and regulated, but did not fully 

suppress, the secretion of pro-inflammatory cytokines in response to LPS stimulation. 

Surprisingly, given the demethylation of H3K4, the gene expression levels of TNF and IL-6 

were unaltered by FhHDM-1 treatment despite an observed reduction in TNF and IL-6 
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production. These findings suggest a fine-tuning of macrophage pro-inflammatory responses 

by FhHDM-1, rather than a complete suppression.  

Collectively, this study has provided new insights into the mechanisms by which 

FhHDM-1 modulates the response of macrophages to inflammatory stimulation, and explains 

the protective effect previously reported in murine models of immune mediated disease (Figure 

5.1). By changing the pH of the macrophage lysosome, FhHDM-1 is initiating a cascade of 

events mediated primarily by the production of α-ketoglutarate (α-KG) through the induction 

of glutaminolysis. The increased abundance of α-KG, controls histone methylation and 

mitochondrial dynamics, the combined effect of which supports the metabolic switch to 

OXPHOS and away from glycolysis, and the post-transcriptional regulation of TNF and IL-6. 

As a result, the pro-inflammatory response of macrophages to stimulation is delicately balanced 

to ensure a response that is not destructive in nature. 
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Figure 5.1: Proposed mechanism of action of FhHDM-1 within macrophages. After 
internalisation of FhHDM-1 by macrophages it localises to the endolysosome and inhibits 
vATPase, resulting in increased lysosomal pH. The resultant release of protons from the 
lysosome drives the induction of glutaminolysis, which, in turn, leads to the production of α-
ketoglutarate (α-KG). The lack of H3K4 methylation associated with FhHDM-1 treatment of 
macrophages is likely mediated by α-KG because it is a co-factor for multiple demethylases. 
Additionally, in FhHDM-1 treated macrophages, α-KG is converted to citrate, which facilitates 
the synthesis of fatty acids required to fuel fatty acid oxidation (FAO) and oxidative 
phosphorylation (OXPHOS). The absence of methylation on H3K4 and the increased 
abundance of α-KG promotes mitochondrial fusion. Fusion is a physical state that supports 
OXPHOS, rather than glycolysis, and regulates the post-transcriptional expression of pro-
inflammatory cytokines. Because of these changes, FhHDM-1 can mediate a balanced 
macrophage response to inflammation, thereby preventing immune-mediated disease while 
maintaining the protective immune responses to microbial infection or tissue injury. 
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Some steps in this mechanistic cascade are hypothesised (dotted lines, Figure 5.1), 

based on comprehensive analyses of the existing literature in relation to the experimental 

findings. Accordingly, the observed changes to metabolic activity (increased glutaminolysis; 

switch to OXPHOS), and the resultant demethylation of H3K4 and the post-transcriptional 

regulation of pro-inflammatory cytokine expression, can be explained by: [1] a release of 

protons from the lysosome; [2] α-KG-mediated demethylation of histones; and [3] promotion 

of mitochondrial fusion. It will now be important to validate these steps experimentally by [1] 

tracking the movement of protons between the lysosome and mitochondria, [2] inhibiting α-

KG and assessing the methylation state of H3K4, and finally [3] looking at mitochondrial 

morphological changes in response to FhHDM-1 treatment to fully demonstrate the 

intracellular events induced by FhHDM-1.  

The previous demonstration that FhHDM-1 treatment of macrophages prevented the 

induction of the NLRP3 inflammasome (103), lends support to the possibility that the alteration 

in mitochondrial dynamics is central to the immune regulation of macrophages by FhHDM-1. 

It was deduced that the altered pH of macrophage lysosomes observed after treatment with 

FhHDM-1 was reducing the activation of lysosomal cathepsin B, which, in turn, was 

preventing the oligomerisation and activation of cytoplasmic NLRP3 (103). However, more 

recently a role for mitochondrial dynamics in the regulation of inflammasome signalling has 

emerged (275). Furthermore, the glycolytic potential under stress conditions is regulated by the 

interaction between the outer mitochondrial membrane protein and the NLRP3 inflammasome 

(276). This relationship is not clear-cut, given that both mitochondrial fission (277) and 

mitochondrial fusion (278) have been reported to promote the activation of NLRP3 in 

macrophages. Nonetheless, this association provides credence to the mechanistic hypothesis 

proposed (Figure 5.1).  

The mechanism of action of FhHDM-1 presented here is consistent with an emerging 

body of evidence that the methylation profiles of cells are altered following helminth infection 

(279) or exposure to helminth extracts (280) or antigens (281). Like the effect of FhHDM-1, 

these changes correlated to a regulation of inflammation in the target cell (hepatocyte, dendritic 

cell, synovial fibroblast, respectively), although no functional, link was established. Thus, the 

findings here expand on this association, building a mechanism by which the helminth 

mediated demethylation of cellular histones regulates the pro-inflammatory response. 

Furthermore, the discovery that FhHDM-1 induced these changes to the bone marrow 

progenitor cells to stably imprint the regulation of inflammation provides a mechanism to 
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explain the absence of any effective protective (pro-inflammatory) host immune responses to 

helminth parasites. This would support the parasites’ ability to retain a constant endemic 

presence in human populations. Indeed, the remodelled DNA-methylation signatures and 

defective pro-inflammatory immune responses in children infected with Schistosoma 

haematobium were maintained for at least 6 months following successful deworming (282). 

Furthermore, the offspring of mothers who were chronically infected with helminths during 

pregnancy displayed epigenetically rewired regulation of their pro-inflammatory immune 

responses (283, 284). FhHDM-1 is a single parasite-derived peptide that alters the 

demethylation of histones, and consequently regulates the macrophage inflammatory response.  

Therefore, this peptide holds significant promise to not only combat helminth infection, but 

also in the development of therapeutic strategies to counter the rise in prevalence of chronic 

inflammatory diseases, increasingly associated with the eradication of helminth infections.  

Accordingly, it will be of interest to determine if the demethylation of histones observed 

in the bone marrow derived from FhHDM-1 treated NOD mice (Chapter 4), is recapitulated in 

other models of immune-mediated disease, and in monocytes/macrophages derived from 

patients. As mentioned, in addition to a beneficial effect against the development of T1D in 

NOD mice, FhHDM-1 has also been shown to prevent the progression of experimental allergic 

encephalomyelitis (EAE; a model of multiple sclerosis), and allergy induced asthma, in mouse 

models (102, 212). This may seem somewhat surprising given the different immune profiles 

associated with these conditions, with T1D and EAE (MS) typically associated to a Th1 type 

immune response, while asthma can be mediated by either a Th2, or mixed Th1/Th2 immune 

response (285-287). However, given the significant contribution that macrophage metabolism 

makes in determining disease outcomes, it is now apparent that increased glycolytic activity, a 

profile characterising immune training, may be the common underlying mechanism driving the 

progression of immune mediated diseases (127, 288-290). Expanding the analysis of the 

epigenetic, metabolic, and immune status of BMDMs from FhHDM-1 treated mice in other 

disease models would explore this premise, and putatively elevate FhHDM-1 to the status of 

master regulator of trained immunity.  

However, to establish FhHDM-1 as an effective therapeutic it will be important to 

demonstrate the specificity of this effect. The adoptive transfer of BMDMs from FhHDM-1 

treated mice to recipient mice would prove that the regulation of inflammation is stably 

imprinted to the myeloid progenitor cells and is transferable. In addition, the quantification of 

the immune response in FhHDM-1 treated mice, or macrophage recipients, to an infectious 
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challenge or vaccination would validate the proposition that FhHDM-1 is fine-tuning, rather 

than suppressing, the immune response.  

Finally, the localisation of FhHDM-1 to the bone marrow would suggest that it is 

exerting a direct and specific immune-regulatory effect. It has been previously established that 

FhHDM-1 preferentially interacts with macrophages in vivo, with macrophages being the only 

peritoneal immune cell staining positive for the peptide 20 mins after i.p. injection (102). In 

addition, when incubated with human PBMCs in vitro, FhHDM-1 selectively bound to the 

monocyte population (Donnelly, personal communication). However, it is currently unknown 

whether FhHDM-1 administered by i.p. injection, traffics to the bone marrow to have a direct 

interaction with the myeloid progenitor cells. Given the cell specificity previously reported, 

and the remarkable similarity in effects between the in vitro and in vivo macrophages seen here, 

it seems likely. Furthermore, it has been reported that the addition of an anionic amphiphile 

(the HDM peptides are amphipathic) to the surface of liposomal vesicles directed them to bone 

marrow macrophages (291). This could be explored using labelled peptide and ex vivo imaging 

of the bone marrow cells.   

The strategy of regulating trained immunity to rebalance the inflammatory response 

represents a significant advantage over current immune therapeutic regimes, which are less 

specific, and accordingly induce undesirable global immune suppression and detrimental off-

target effects. Given the pivotal role for lysosomes in coordinating cell metabolism, and 

consequently the epigenetic landscape, there is precedence in targeting the functions of this 

organelle (197). Proof of principle for this approach exists in the efficacy of chloroquine 

(CQ)/hydroxychloroquine (HCQ), weak bases that passively diffuse to the lysosome, and the 

vATPase inhibitor, Balfilomycin1 (Baf1). Using an in vitro model of trained immunity in 

which human monocytes were cultured for 24 h with heat killed Candida albicans, rested for 

5 days, and then stimulated with an inflammatory ligand, the production of TNF and IL-6 by 

the second stimuli was abrogated when either CQ, HCQ or Baf1 were included in the first 24 

h incubation (292). In addition, the tri-methylation of H3K4 was prevented suggesting that 

these compounds are potent inhibitors of trained immunity.  However, in contrast to FhHDM-

1, these compounds also reduced the transcription levels of pro-inflammatory cytokines, which 

indicates a much broader suppressive effect. Furthermore, unlike FhHDM-1 (293) these 

compounds have high cytotoxicity and cause a range of adverse events (294, 295). By 

establishing that macrophages from NOD mice are centrally trained and demonstrating that a 

short course treatment with FhHDM-1 can remove the epigenetic markers and reprogram 
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metabolism in NOD macrophages, this study provides the first ever evidence that altering the 

lysosomal pH can regulate trained immunity in vivo. Furthermore, the analysis here showed 

that FhHDM-1 does not impact the metabolic activity of resting cells, instead specifically 

regulating, but not fully suppressing, the response to inflammatory stimulation.  

It will be of interest to determine if the biological activity uncovered in this project is 

common to all the members of the HDM peptides. As all HDM peptides display a similar 

structure (alpha helix and an amphipathic C-terminal) which is required for the immune-

modulatory activity mediated by FhHDM-1 (111), it is likely that there is a close association 

between structure and function. Indeed, it has been shown that the Sm16-(34-117)-HDM 

peptides also interacts with macrophages and like FhHDM-1 localises to the endo-lysosome 

and decreases the pro-inflammatory response to subsequent stimulation with LPS. However, 

in contrast (as described in chapter 1) the recombinant version of HDM from C. sinensis 

induces a pro-inflammatory response in macrophages. It will be important to determine if these 

differences are associated with different methods of peptide synthesis (chemical versus 

recombinant) and how the biological outcomes relate to the HDMs specific to each parasite to 

fully establish how the HDMs are functionally linked and how the trematode worms utilise this 

peptide family to modulate host immune responses.  

Nonetheless, the collective from this PhD suggest that FhHDM-1, a peptide that is 

naturally secreted by a parasitic worm, can recreate the natural ancestral microenvironment in 

which innate immune training evolved. In doing so, FhHDM-1 subtly restores the balance 

between activation and regulation of inflammation to prevent autoimmune/inflammatory 

disease. In addition, the data indicates that blocking the activity of FhHDM-1 during infection 

with Fasciola hepatica, may prevent the parasite mediated suppression of host responses, 

allowing mammalian hosts to actively expel invading parasites and induce an immune memory 

to protect against future infection. Therefore, FhHDM-1 is a highly promising therapeutic that 

fine tunes metabolic activity regulating pro-inflammatory responses restoring immune 

homeostasis.  
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