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Abstract

Parasitic worms (helminths) infect over 1.5 billion people worldwide and cause tens of billions
of dollars in annual losses to global livestock productivity, including more than $450 million
each year in Australia alone. Their success as pathogens lies in their ability to manipulate host
protective immune responses and establish chronic infections. Current control strategies rely
heavily on mass drug administration in humans and routine anthelmintic drenching in
livestock; however, these measures are increasingly undermined by the rapid emergence of
drug resistance, the absence of effective vaccines, and the poor sensitivity of existing
diagnostics for detecting early or low-intensity infections. Together, these challenges highlight
the urgent need for innovative strategies to detect, control, and ultimately reduce the burden of

helminth infections.

Against this backdrop, parasite-derived microRNAs (miRNAs) have emerged as promising
mediators of host-parasite interactions. Yet their mechanisms, functions, and integration into
host RNA interference (RNAi) pathways remain poorly understood. Using Fasciola
hepatica as a model organism, this PhD project investigated the roles of helminth miRNAs in
parasite-host communication, with a focus on their potential as diagnostic biomarkers, their
mechanisms in regulating host innate immune responses, and their exploitation of mammalian

RNAIi machinery.

Chapter 1 explored the contribution of helminth-derived miRNAs to cross-kingdom
communication by reviewing reported evidence of their selective release, uptake, processing,
and downstream effects during infection. This revealed that many parasite miRNAs are
conserved with mammalian sequences and therefore predicted to target host immune-
regulatory genes. Packaged within extracellular vesicles (EVs) or bound to protein carriers,
they can be delivered into host cells where they alter gene expression to consequently regulate
host immune responses, thus facilitating parasite persistence. Based on this review, the thesis
proposed that helminth-derived miRNAs and their molecular functionality present promising

avenues for the development of new diagnostic tools and therapeutic interventions.

Building on this foundation, Chapter 2 investigated the potential application of circulating
miRNA profiling as a biomarker of fasciolosis. Using serum samples from a longitudinal sheep
infection model, small RNA sequencing revealed dynamic shifts in host miRNA expression as

early as two days post-infection. Distinct host- and parasite-derived signatures distinguished



the pre-hepatic and hepatic phases of infection, while qPCR validation identified oar-miR-133
and oar-miR-3957 as robust early biomarkers. These findings present the translational promise

of miRNAs as specific, sensitive, and stage-resolved indicators of infection.

Chapter 3 advanced the understanding of helminth-derived miRNAs functionality by showing
for the first time, that parasite-derived miRNAs are predominantly present as diverse isoforms
(isomiRs) in macrophages of F. hepatica-infected mice. Comparative sequencing across
parasite life stages, EVs, and host cells suggested selective deployment of isomiRs into host
immune cells. While functional assays revealed that a 3'-trimmed isomiR of the-miR-125b-5p
suppressed LPS induced inflammatory responses to similar levels as the canonical counterpart,
dual luciferase reporter assays suggested the isomiR had stronger regulatory effect for select
innate immune genes. Furthermore, Argonaute2 (Ago2) pulldowns from transfected
macrophages, showed a preferential loading of the isomiR onto host Ago2. These findings
established isomiRs as biologically functional molecules actively exploited by F. hepatica to

fine-tune host immunity.

Chapter 4 further dissected the mechanistic requirements of parasite miRNAs and isomiRs in
host cells using CRISPR-Cas9-engineered Ago2 and Dicer knockout (KO) RAW264.7
macrophages. While Chapter 3 showed preferential loading of the-miR-125b onto Ago2, the
parasite miRNAs retained activity in Ago2-deficient cells, implicating redundancy in their
interaction with mammalian Ago proteins. Remarkably, parasite miRNAs also remained
functional in Dicer KO cells, indicating that mature worm-derived miRNAs bypass canonical
biogenesis and directly associate with host Ago proteins to exert RNAi activity. Together, these
results reveal the evolutionary flexibility of parasite miRNAs in co-opting mammalian RNAi

machinery to sustain immunomodulatory control.

Collectively, this research using F. hepatica as a model organism provides new insights into
helminth biology. It demonstrates that host- and parasite-derived miRNAs hold promise as
stage-specific biomarkers for early detection of infection, shows that F. hepatica selectively
deploys isomiRs to modulate host immunity, and uncovers the flexible mechanisms by which
parasite miRNAs engage mammalian RNAi1 pathways to maintain regulatory control. These
discoveries redefine current paradigms of cross-kingdom communication and lay the

groundwork for innovative diagnostic and therapeutic strategies to combat helminthiases.
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1.1. Helminth infections are a major health and economic burden

Parasitic worms (helminths) are a polyphyletic group of extracellular macro-parasites
comprising of nematodes (roundworms), cestodes (tapeworms), and trematodes (flatworms).
They are considered highly adept pathogens due to their ability to establish chronic infection
in their mammalian hosts that can last for decades. Although these parasites differ significantly
in their host preferences, life cycle, routes of infection and tissue tropism (Figure 1.1), a
universal feature of all helminths is their ability to manipulate the host’s immune responses
during both the acute and chronic phases of infection, allowing them to evade protective
mechanisms and promote regulatory pathways that enable their long-term survival [1]. During
this time, while feeding on tissues and blood to sustain their own survival and reproduction,
helminths inflict tissue damage and impair the host’s ability to absorb essential nutrients,

contributing to malnutrition and pathology [2].

Almost 300 different species of helminths have been identified with the capacity to infect
humans [3]. Accordingly, helminth infections are a major global public health problem with
recent estimates suggesting that 1.5 billion people harbour one or more of the most common
worms: Schistosoma spp., Fasciola hepatica, Ascaris lumbricoides, Necator americanus,
Ancylostoma duodenale, Trichuris trichiura, and Strongyloides stercorali (Table 1.1; Figure
1.1) [4, 5]. These worms are particularly widespread in low- and middle-income regions, where
sanitation is poor and healthcare infrastructure is limited [6]. In endemic areas, chronic
helminth infections impair physical and cognitive development, reduce work productivity, and
exacerbate poverty [6]. Moreover, exposure to helminths is difficult to avoid for ruminants
grazing on pastures and as such, infections place a significant economic burden on the livestock
productivity, affecting growth rates, fertility, meat quality, wool and milk production [7].
Helminthiasis is responsible for tens of billions of dollars of loss to the global livestock industry
annually [7]. In Australia, these parasitic infections in livestock are conservatively estimated
to cost > $450 million per year [8]. Despite this widespread impact on human health and
economic productivity, helminth infections remain categorized as neglected tropical diseases,

receiving limited attention and resources in global health initiatives [9].
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Figure 1.1. Prevalence of helminth infections in human. Helminths comprise of a diverse
group of parasitic worms that can infect various tissues and organs in humans and other
animals, leading to diverse health complications. Globally, helminth infections are estimated

to affect around 1.5 billion people, posing a major public health challenge. This Figure was
created using Biorender.com



Table 1.1. Prevalence of human helminth infection worldwide

Parasite Helminth species Pathology Geographical distribution Estimated |Refs
type prevalence
Lung flukes |Paragonimus spp. An acute syndrome with cough, abdominal pain, | South America; Eastern Asia; Africa |23 million |[10]
discomfort, and low-grade
Liver flukes |Fasciola hepatica Toxaemia, cholangitis, eosinophilia 81 countries globally 2.5 million |[11]
Clonorchis sinensis Cholangitis, abscesses, biliary carcinoma South Korea, China, northern 15 million |[12]
Vietnam, and far-eastern Russia
Opisthorchis spp. Cholangitis, abscesses, biliary carcinoma Southeast Asia 10 million  |[13]
Intestinal Ascaris lumbricoides Moderate infections can lead to undernutrition in | Predominantly in Central and South | 732 million |[14]
parasites children America, Africa and Asia
Necator americanus None; development of abdominal pain and Especially common in southern 500 million |[[15]
anemia depends on worm burden China, Southeast Asia, the Americas
and most of Africa
Ancylostoma duodenale | None; development of abdominal pain and Mediterranean region and northern
anemia depends on worm burden India and China
Strongyloides None; development of abdominal pain and Predominantly found in South-East |613 million |[16]
stercoralis anemia depends on worm burden Asia, Africa, and Western Pacific
Trichinella spiralis Typically asymptomatic; can be associated with |Global distribution 11 million |[17]
abdominal and muscle pain
Trichuris trichiura Typically asymptomatic; heavy worm burdens | Prevalent worldwide, and is most 290 million |[18]
associated with anemia and painful stool passage | common in warm, moist, tropical and
subtropical regions
Enterobius vermicularis | Typically asymptomatic; but can be associated | Worldwide; highest prevalence in > 200 [5]
with nocturnal perianal pruritus children million
Lymph tissue | Wuchereria bancrofti | Typically asymptomatic; but can be associated | Africa and Asia 51 million  [[19]
parasites with enlarged lymph nodes leading to

lymphedema

Brugia malayi

Typically asymptomatic; but can be associated
with enlarged lymph nodes leading to
lymphedema




Brugia timori

Typically asymptomatic; but can be associated
with enlarged lymph nodes leading to
lymphedema

Blood flukes |Schistosoma mansoni | Can be associated with cercarial dermatitis, Central and West Africa, Egypt, 250 million |[20]
Katayama fever; abdominal pain, liver fibrosis | Brazil, the Arabian Peninsula,
Surinam, Venezuela, Madagascar and
the West Indies
Schistosoma japonicum |Can be associated with cercarial dermatitis, China, Japan, Indonesia and the
Katayama fever; abdominal pain, liver fibrosis | Philippines
Schistosoma Can be associated with hematuria, scarring, Africa, Middle East and India
haematobium calcification, squamous cell carcinoma, and egg
granulomas in brain or spinal cord.
Subcutaneous | Onchocerca volvulus Dermatitis, subcutaneous nodules, sclerosing Predominantly in sub-Saharan Africa |20 million [21]
tissue lymphadenitis, and eye disease.
parasites
Tape worms | Echinococcus spp Typically, asymptomatic for years; cyst rupture |Globally distributed. Alveolar 1 million [22]
is associated with secondary pathologies echinococcosis is confined to the
northern hemisphere, in particular
regions of China, the Russian
Federation and continental Europe
and North America
Tania solium Most intestinal infections are asymptomatic; Globally distributed 50 million  |[23]

Neurocysticercosis is associated with seizures,
intracranial hypertension and psychiatric
disturbances




1.2. Controlling helminth infections is challenging

Several persistent challenges prevent the effective control of helminth infections. One of the
most significant barriers is the lack of tools for early diagnosis. Many helminth infections,
especially in animals, are clinically asymptomatic until substantial pathology has occurred [1]
and current diagnostic tools lack the sensitivity and specificity required for effective

surveillance and timely intervention.

For over a century, the gold standard for diagnosing helminths has been coprological
examination, detecting eggs (or L1 larvae in the case of lungworms) in faecal samples. Despite
being cost-effective and relatively straightforward, this method has several limitations. These
include intermittent egg shedding, low infection intensities that fall below detection thresholds,
and degradation of samples due to improper handling or storage [24]. To improve accuracy, at
least three fresh faecal samples should be examined over a 10-day period using concentration
techniques. Even then, this method requires a skilled parasitologist, offers limited sensitivity
in endemic regions where infections are typically low-grade, demands immediate analysis post-
collection, and often fails to differentiate between different worm species [24]. Some
serological ELISAs against anti-helminth antibodies have shown superior sensitivity compared
to coprological tests. However, these methods also lack specificity, as antibodies can persist
long after the infection has resolved, leading to false-positive results. Additionally, cross-
reactivity with antibodies from other parasitic infections or unrelated pathogens can further

compromise diagnostic accuracy [24].

Due to the lack of reliable diagnostics, helminth control programs have heavily relied on mass
drug administration (MDA) in humans and routine blanket treatments in animals using broad-
spectrum anthelmintics, such as ivermectin, diethylcarbamazine, albendazoles and
praziquantel [25, 26]. While these methods are widely implemented, they are not without
problems. They are costly, do not provide protection against reinfection, and the reliance on
the limited arsenal of anthelminthics are driving the emergence of drug-resistant helminth
strains [9, 27]. Furthermore, repeated use of chemical treatments has adverse environmental
consequences and raises concerns about residues entering the food chain, posing risks to both

ecosystem and human health.

There are currently no preventative vaccines against helminths. Anti-helminthic vaccine
development remains an active but challenging field. Unlike vaccines for bacterial or viral

infections, helminth vaccines face unique challenges due to the parasites’ sophisticated
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mechanisms for immune evasion and their complex life cycles, which span multiple
developmental stages and tissue-specific niches, each expressing different antigens [28]. The
earliest anthelmintic vaccine efforts used attenuated or irradiated worm homogenates. While
these crude mixtures of disrupted whole worms demonstrated moderate to substantial
protective effects in livestock [7, 29], such approaches present significant challenges in
achieving standardization, reproducibility, and consistent efficacy [28, 30]. The composition
of these homogenates varies depending on the worms' developmental stage and condition, and
many of the included antigens are weakly immunogenic or even immunosuppressive,

ultimately limiting their protective potential.

Together, these challenges highlight the urgent need for improved diagnostic tools, sustainable
treatment approaches, and innovative vaccine strategies to achieve effective and long-lasting
control of helminth infections. A deeper understanding of helminth-host interactions will be
instrumental in developing novel and sustainable strategies for helminth control. Parasite-
derived excretory and secretory (ES) molecules are particularly promising targets, as they are
positioned at the host—parasite interface and play crucial roles in modulating host immune

responsces.

1.3. Exploring helminth-derived miRNAs as a new frontier for diagnostic and therapeutic
advances

MicroRNAs (miRNAs) are small non-coding RNAs ~18-24 nucleotides (nt) in length that act
as key post-transcriptional regulators of gene expression [31]. They function by binding to
complementary sequences within the 3’ untranslated regions (3" UTRs) of target messenger
RNAs (mRNAs), leading to mRNA degradation or translational repression [31]. Through this
mechanism, miRNAs play crucial roles in virtually all biological processes, including

development, metabolism, immune regulation, and disease pathogenesis.

In helminths, growing research has highlighted the presence and importance of miRNAs in
regulating parasite biology. To date, miRNAs have been identified in a wide range of parasitic
species, and the core components of the miRNA biogenesis and silencing pathway, including
Dicer, Argonaute (Ago) proteins, and other associated factors are evolutionarily conserved in
helminths, underscoring the functional significance of miRNA-mediated gene regulation in
these organisms [32, 33]. Helminths exhibit complex life cycles, transitioning through

morphologically and physiologically distinct stages across various host environments. These
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developmental transitions are orchestrated by tightly regulated gene expression programs, in
which miRNAs are believed to serve as key molecular switches [34]. By controlling cell fate
and phenotype, miRNAs are most likely essential regulators for growth and development of

worms and their rapid adaptation to environmental cues.

Our understanding of miRNA biology in helminths is largely built upon foundational research
in the free-living nematode Caenorhabditis elegans, a model organism that has been
extensively used to decipher miRNA function. The landmark discovery of the first miRNAs,
lin-4 and let-7 in C. elegans, and their central role in regulating developmental timing by
regulating heterochronic genes, controlling larval stage transitions provided the preliminary
understanding of miRNA-mediated post-transcriptional regulation [35, 36]. Orthologs of lin-4
have been identified in other nematodes, and let-7 has been found across a range of helminth
species, where it plays a key role in developmental transitions [37-40]. Moreover, across
various helminth species, distinct stage-specific miRNA expression profiles have been
documented, underscoring the dynamic regulatory roles of miRNAs throughout the parasite
life cycle [40-42]. Supporting this, a functional study has revealed that knockdown of miR-
71 in a model cestode disrupts normal development and promotes premature strobilation [43].
Furthermore, several Schistosoma japonicum miRNAs have been functionally characterized to
be involved in female reproductive development and ovary maturation by targeting genes
associated with egg production and reproductive tissue maintenance [44-47]. These findings
highlight the essential roles of miRNAs in governing temporal developmental processes in

helminths.

In C. elegans, oxidative stress induces changes in miRNA expression that promote the
expression of enzymes involved in antioxidant defence mechanisms. Additionally, knockout
of ALG-1, an Ago2 ortholog in C. elegans compromises resistance to oxidative stress and
shortens lifespan [48]. miRNA pathways are also essential in heat shock recovery in C. elegans
[49]. During host invasion and immune confrontation, parasitic worms encounter high levels
of reactive oxygen species (ROS) [50]. Therefore, based on the observations for C. elegans, it
is feasible that miRNA-mediated mechanisms may also help parasitic helminths regulate their
responses to fluctuating microenvironments as they traverse between different host tissues and
undergo physiological transitions during their development. This hypothesis has been
supported by the evidence that stage-specific miRNAs of Fasciola hepatica regulate glycolysis

and anaerobic metabolic genes coinciding with the metabolic shift from aerobic to anaerobic
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conditions during migration from the peritoneum to the liver [41]. Furthermore, Schistosoma
miRNAs modulate expression of tegument-associated genes, contributing to tegument

transformation that is essential for immune evasion in host [51].

The compilation of this emerging evidence supports a fundamental role for miRNAs in
helminth development, maturation and adaptation to the host environment which opens
potential new targets for infection control. However, it is important to recognize the limitations
of extrapolating findings from C. elegans to parasitic species, given their divergent lifestyles
and the requirement of a definitive host. Parasitic helminths are thought to have evolved from
free living ancestors, thereby retaining ancestral genomic components while also acquiring new
ones to support their parasitic lifestyle [52, 53]. The divergence in miRNAs and their targets
from C. elegans to parasitic nematodes [54] further emphasise the need for functional studies
directly in parasitic species, in order to uncover species-specific roles and advance our

understanding of miRNA-mediated regulation in these parasites.

An intriguing facet specific to parasitic helminth miRNAs is their role in the host-parasite
relationship. Helminths secrete miRNAs, often encapsulated in extracellular vesicles (EVs)
into host tissues and fluids. These parasite-secreted miRNAs are detectable in blood, urine, and
other biofluids, making them promising biomarkers for diagnostic applications that could be
specific to the individual parasite [55]. Moreover, helminth infections dysregulates host
miRNA expression profiles from the early onset of infection, offering additional avenues for
sensitive biomarker discovery [56, 57]. Combining both parasite-derived and host-
dysregulated miRNAs may provide a more robust and sensitive approach for the diagnosis of
helminth infections, reflecting both the direct secretions from the parasite and the associated

responses within the host.

Beyond their diagnostic utility, helminth extracellular miRNAs are increasingly recognized as
agents of cross-kingdom communication, modulating host immune signalling pathways in

ways that favour parasite persistence and immune modulation.
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1.4. The knowns and unknowns of helminth-host miRNA cross-kingdom communication
1.4.1. The theory of cross-kingdom miRNA communication

“Cross-kingdom communication” refers to the transmission of extracellular chemicals and
bioactive molecules resulting in the regulation of biological signals between genetically diverse
species. This term was first coined in the 1980’s following the realisation that distinct cells can
communicate with each other through secreted hormones [58]. Subsequently, the concept
expanded with the discovery that bacteria had the capacity to manipulate the signal transduction
of plant and mammalian cells, while host hormones cross-signalled with quorum sensing

molecules to regulate bacterial gene expression [59].

Most recently, miRNAs have emerged as important mediators of inter-kingdom
communication. It is thought that in metazoans, miRNAs originated as a defence mechanism
against pathogens with predominantly antiviral functions, but over time, have evolved to target
intrinsic genes. As a result, endogenous miRNAs have developed as a highly conserved
mechanism of gene regulation that controls a multitude of biological functions, such as

developmental processes, cell cycle processes, intracellular signalling, and homeostasis [60].

miRNAs possess the ability to move between cells, acting as intermediates in cellular
communication. Several studies conducted in animals and plants have provided increasing
evidence that pathogens, including bacteria, viruses, fungi, and protozoa, utilise these mobile
miRNAs as a mechanism to manipulate host gene expression [61]. Most recently, we, and
others, have demonstrated that larger, multicellular helminths also deploy miRNAs to
specifically divert and manipulate their host's immune responses, to prevent their expulsion
and tolerate their presence which permits the establishment of chronic infections [34, 41, 62-
65]. However, while there has been extensive characterisation of the helminth miRNomes and
their corresponding host target genes, very little is known about how these miRNAs are
selected by the parasite for transfer to host cells and, once there, how they integrate into the

host cell miRNA biogenesis pathway.

1.4.2. Helminth-derived miRNAs alter the host immune response to establish chronic
infection

Unlike bacteria or viral pathogens, helminths do not replicate in their hosts. Instead, they
require time to grow to maturity, reproduce and release their offspring in the form of eggs. To

accomplish this cycle, helminths have evolved mechanisms to regulate the host immune cell
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signalling pathways to prevent their expulsion while also safeguarding the fitness of the host
[66]. During helminth infection, the typical innate detection systems of the host are not
activated as expected and the adaptive immune response is directed towards a tolerant or
hyporesponsive state [67, 68]. As a result, parasitic worms establish chronic infections to
complete their life cycle, while the tissue damage caused by their feeding and migration is
readily repaired, and excessive inflammation is controlled [69, 70]. Understanding the
communication pathways between helminths and their hosts during this process will inform

the development of new anthelminthic therapeutics.

Historically, the focus for this research has been on the identification and characterisation of
parasite secreted proteins as it was assumed these were the most likely molecules to be in
contact with host immune cells and operate as immune modulators [71-73]. However, more
recently helminth-derived miRNAs are emerging as key manipulators of host immune cells
[34, 41, 54, 62, 74-84]. The miRNA profile of helminths has been characterised in over 35
species of trematodes, nematodes and cestodes [84]. Comparative analysis of miRNA
sequences has revealed that helminth miRNAs are well conserved, with many parasite miRNAs
sharing sequence identity with mammalian miRNAs and thus predicted to have the same
regulatory functions as their host miRNAs, many of which target immune-modulating genes
(Supplementary Table 1.1; Figure 1.2 A). In silico analysis has also predicted that several non-
conserved, novel parasite miRNA sequences could target host genes involved in immune
pathways, thus suggesting immune modulatory functionality (Supplementary Table 1.1; Figure

1.2 B) [34, 75]

The breadth of miRNAs and corresponding mammalian targets suggests a high degree of
redundancy, with multiple helminth miRNAs (conserved and novel) predicted to act on single
host gene targets within multiple immune cells (Supplementary Table 1.1; Figure 1.2 C). Such
findings support the hypothesis that by hijacking the host endogenous miRNA system of gene
regulation, helminths can alter host gene expression and hence modulate the host immune
response to a phenotype that favours parasite survival and reproduction. There is now
supporting experimental evidence for this possibility from both in vivo mouse infection models
and in vitro transfections of mammalian cells (Table 1.2), which collectively and convincingly
support that helminth-derived miRNAs can be taken up by mammalian cells and once
internalised, operate to regulate gene expression, to alter key immune pathways and cellular

Processes.
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Figure 1.2. Helminth miRNAs are predicted to regulate the immune response during
infection. (A) Several parasites express miR-125b, a highly conserved miRNA also expressed
in mammalian cells, with roles in the activation of multiple immune processes. miRbase
(https://mirdb.org) predicts that human miR-125b has 925 gene targets. Of these, the parasite
miR-125bs have been predicted to target 118 genes. Pathway analysis of these targets using
Reactome suggests that parasite miRNAs would impact the processing and presentation of
antigen by Major Histocompatibility Complex I (MHC) and cell signalling pathways activated
by IL-4, IL-13, NOD-like Receptors (NLR), and Toll Like Receptors (TLR), (B) The prediction
of gene targets for novel, non-conserved, parasite miRNAs suggests that they also have the
capacity to regulate mammalian gene targets. For example, miRanda, PITA, and RNAhybrid
predicted thirteen mammalian gene targets for Fasciola hepatica novel miR-17. Reactome
analysis attributed these genes to immune pathways associated to neutrophil degranulation,
Interferon signalling, TLR receptor signalling, and MHC I and Il mediated antigen processing;
(C) Multiple parasite miRNAs are predicted to target the same mammalian gene suggesting a
level of redundancy. As an example, six different miRNAs expressed by Fasciola hepatica have
been predicted to target Positive Regulatory Domain I-Binding Factor 1 (PRDM1I), a protein
that promotes the expression of costimulatory molecules on dendritic cells that are necessary
for efficient T-cell activation, and the development of an effector adaptive immune response.
Similarly, four different miRNAs produced by the nematode Heligmosomoides polygyrus are
predicted to target Interferon Regulatory Factor (IRF)-4, a key regulatory transcription factor

in the development of immune cells. This Figure was created using Biorender.
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Table 1.2. Functional studies demonstrating cross-kingdom immunomodulatory role of helminth miRNAs in mammalian cells

Parasite Parasite- | Host gene | Host target cell Model used for study Immune response Refs
derived target(s)
miRNAC(s)
Fasciola hepatica |fhe-miR-125b-|  Traf6 Peritoneal In vitro murine bone marrow derived Suppression of M1 macrophage phenotype [63]
5p macrophages macrophages
Clonorchis sinensis | csi-let-7a-5p | Clec7a, Hepatic In vitro RAW?264.7 murine macrophage Promotion of M1 phenotype by upregulation of NF-kB signalling and [85]
Socs1 macrophages cell line induction of proinflammatory cytokines TNF, Interleukin(IL)-6 and IL-1b.
Schistosoma sma-miR-10 | Map3k7 T cells In vitro human HEK-293 human Suppression of host Th2 cell differentiation by regulating the Th2 [86]
mansoni embryonic kidney cell line transcriptional pathway
Schistosoma sja-miR-71a | Sema4D | Hepatic stellate In vivo murine model of S. japonicum | Inhibition of hepatic stellate cell activation by downregulation of the TGF- | [87]
Japonicum cells infection; targets validated in vitro using | B1/SMAD and IL-13/ Signal Transducer And Activator Of Transcription
293T human embryonic kidney cell line | (STAT)6 pathways and regulation of the Th1/Th2/Th17 and regulatory T
cell balance
Schistosoma sja-miR-2162 | Tgfbr3 Hepatic stellate In vivo murine model of S. japonicum Activation of hepatic stellate cells via activation of TGF-b signalling [88]
Jjaponicum cells infection and in vitro rat HSC-T6, pathway, and activation of hepatic fibrosis
human LX-2 cell line, mouse primary
hepatic stellate cells
Schistosoma sja-miR-71a Fzd4 HepG2 and In vivo murine model and in vitro Anti-tumour activity: inhibit tumour proliferation by cell cycle arrest at Go/ | [89]
Japonicum SMMC-7721 HepG2 human hepatoma cells G1 phase
hepatoma cell line
Schistosoma sja-miR-125b, | Prosl, Circulating In vitro RAW?264.7 murine macrophage Increased monocyte proliferation and TNF production [79]
japonicum sja-bantam | Fam212b monocytes cell line
Heligmosomoides hpo-let-7, Duspl | Epithelial MODE- | In vitro MODE-K murine enterocyte cell | Increased anti-inflammatory responses by repression of mitogen activated | [62]
polygyrus hpo-miR-200, K cell line line protein kinase (MAPK) signalling
hpo-miR-435
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Heligmosomoides | hpo-miR-71- Irf4 T cells In vitro murine primary CD4+ T cells Downregulation of genes and pathways of the Th2 lymphocyte [90]
polygyrus 5p differentiation process: interferon (IFN)y signalling, the IL-2/STATS5
signalling, and the mTOR signalling pathways.
Ascaris suum asu-miR-791- Mtor T cells In vitro murine primary CD4+ T cells Downregulation of genes and pathways of the Th2 lymphocyte [90]
3p differentiation process: interferon gamma signalling, the IL-2/STATS
signalling, and the mTOR signalling pathways.
Taenia pisiformis | tpi-miR-let-7- | Cebpd Macrophages In vitro RAW?264.7 murine macrophage | Suppression the host Th2 immune response by repression of M1 phenotype | [91]
5p cell line markers and promotion of M2 phenotype markers.
Taenia solium and | miR-10-5p, Not Peritoneal In vitro murine primary peritoneal Downregulation of proinflammatory cytokines in IFN-y treated M1 [92]
Taenia crassiceps let-7-5p validated macrophages macrophages macrophages, and downregulation of anti-inflammatory cytokines in IL-4
treated M2 macrophages.
Echinococcus emu-miR- Not Macrophages In vitro RAW?264.7 murine macrophage | Inhibition of macrophage nitric oxide (NO) production and increased TNF | [77]
multilocularis 4989-3p validated cell line production
E Echinococcus emu-miR-71 Not Macrophages In vitro RAW264.7 murine macrophage | Inhibition of macrophage NO production and altered inflammatory response | [93]
multilocularis validated cell line
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1.4.3. Delivery of helminth miRNAs to host cells

1.4.3.1. miRNAs are released by helminths in extracellular vesicles and non-vesicular forms

The most widely characterised mechanism of intracellular (and cross-kingdom) communication is via
the secretion and uptake of EVs [94]. Encapsulation of miRNAs in EVs protects them from
degradation by RNases in the harsh extracellular environment of the bloodstream or the digestive
system [62]. Furthermore, intercellular delivery of miRNA via EVs can circumvent the recipient cell's

transcriptional regulations, offering a comparatively straightforward mechanism of gene regulation.

While only characterised in a few studies, the presence of non-vesicular extracellular (ex)-miRNA
has also been described in all three classes of helminths [75, 82, 95]. Although it is possible that these
ex-miRNAs have been accidently released by damaged cells or dying parasites, in humans it has been
shown that miRNAs are also actively transported in highly stable complexes with proteins [96]. It
has been reported that more than half of the miRNAs found in human serum is bound to
ribonucleoproteins, including Ago2 [97, 98], although other proteins such as high-density lipoprotein
(HDL), and Agol, 3 and 4 have also been implicated in ex-miRNA binding, transport, and delivery
to cells [99, 100]. However, there is still no direct evidence that these miRNA-protein complexes
operate in a functional way to alter recipient cell gene expression. Nonetheless, the observation that
the profile of miRNAs bound to HDL is distinct from that found in EVs, suggests a complementary

and independent mechanism of miRNA transport and gene regulation [101].

For helminths, the current data indicates that the choice to secrete miRNAs packaged in EVs or in
vesicle free form may be influenced by the requirements for different stages of their life cycle. For
example, during the L4 larval stage of the H. contortus life cycle, ex-miRNAs are more abundant in
the vesicle free fraction of the parasite secretions as compared to the adult stage, in which miRNAs
are found primarily in the vesicle enriched fraction [82]. Similarly, the miRNAs secreted by adult 7.
spiralis, which inhabit intestinal mucosa, are primarily packaged in vesicles, whereas, the muscle
stage larvae, which live intracellularly, secrete unencapsulated miRNAs [95]. While a similar stage-
specific differential abundance of free versus vesicular miRNAs has not been described for any
cestodes or trematodes, analysis of the excretory/secretory products of the schistosomula of
Schistosoma mansoni identified the presence of both forms of miRNAs [65], suggesting that this
process of miRNA transfer is common to all helminths. However, it is important to note that vesicle
free extracellular miRNA-protein complexes may originate from EVs that lyse during isolation and
preparation. Although this could be determined by the analysis of multiple biological replicates and
independent preparations of parasites and their secretory products, it is technically challenging given

the paucity of material that is often obtained from these parasites. Despite this caveat, the fact that
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several miRNA sequences that were identified in the EV-depleted library of H. contorus L4 larvae,
were not found within the EV-enriched library [82], suggests the vesicle free miRNAs are released

independently of the EV packaged sequences.

1.4.3.2. Helminth-derived extracellular vesicles are taken up by host immune cells

Examination of the cargo of helminth-derived EVs revealed that miRNAs are highly represented, [62,
102, 103] and it has now been shown for several species of helminths that EV encapsulated miRNAs
are internalised by mammalian host cells, particularly by immune cells such as, macrophages,
monocytes, and dendritic cells [104]. The specificity of this cellular interaction is determined by the
size of the vesicles as illustrated with EVs derived from E. granulosus, with smaller EVs (10K and
2K) taken up by host hepatic cells more efficiently than larger EVs (110K) [105]. The intracellular
location in host cells after uptake is influenced by the surface proteins on the parasite-derived EVs.
This was shown by the addition of antibodies specific to the surface proteins of H. polygyrus EVs,
which resulted in the enhanced uptake of the EVs but redirected them to lysosomes for degradation
in the recipient cell [106]. Blocking worm EV release is detrimental to parasite survival in their hosts
[107] likely because this also blocks the delivery of parasite-derived immunomodulatory miRNAs to
host cells, which, in turn, would allow the development of host protective immune responses to

mediate parasite expulsion.

1.4.3.3. Selective sorting of parasite-derived miRNAs into EVs

There are several pieces of evidence that suggest the selection and incorporation of miRNAs into
parasite-derived EVs is an active controlled process rather than an arbitrary occurrence. Firstly, the
abundance of miRNAs within helminth EVs does not reflect the profile of intracellular expression,
with miRNAs that are relatively highly expressed intracellularly not found in the secreted EVs,
suggesting preferential selection of miRNA for cargo [77]. Furthermore, while the proteins involved
in EV biogenesis pathways have been shown to be constitutively expressed, the EV miRNA cargo is
developmentally regulated [78, 108]. This life stage-specific miRNA packaging in the EVs is likely
necessary to cater for the differential requirements of host gene regulation during the various life
stages of the helminths. Secondly, several miRNAs are consistently found in EVs of different species
of helminths, suggesting an evolutionarily conserved mechanism for the packaging and release of
specific miRNAs [54, 81, 82]. Notably, the miRNAs within the helminth EVs contain more conserved
miRNAs with higher seed sequence identity to mammalian host miRNA compared to helminth
intracellular miRNAs, which may simply correspond to the conservation of ancient miRNAs across

metazoans or might reflect an active selection for compatibility with host miRNA machinery.
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Furthermore, the most abundant EV encapsulated miRNAs are predicted to primarily target

mammalian genes involved in the immune and inflammatory pathways (Supplementary Table 1.1).

According to the available data, most common EV miRNAs with immune-modulatory functions are
let-7, miR-125, miR-71, miR-2, miR-9, miR-10, miR-31, and miR-87 (Supplementary Table 1.1),
and the most predominant predicted pathways targeted are MAPK, TGF-beta, TNF, Wnt signalling,
IGF signalling pathway (Supplementary Table 1.1). The profile of EV miRNAs and their host targets
is remarkably similar between the trematodes (flukes) and nematodes (round worms), with cestodes
(tapeworms) displaying a more distinct profile of miRNA abundance and gene targets
(Supplementary Table 1.1). This is somewhat surprising as trematodes and cestodes belong to the
same phyla (platyhelminth), so these differing profiles may, in fact, reflect the relative lack of
characterisation of cestode miRNomes compared to the more advanced characterisation of trematodes

and nematodes.

Although these observations present convincing evidence that helminth miRNAs are selectively
sorted for delivery to their host cells, the mechanism by which this occurs is unknown. Research on
mammalian cells has highlighted a prominent role for the Ago2 protein in sorting miRNA via the
KRAS-MEK-ERK signalling pathway [109]. While the presence of Ago2 orthologues in the genome
of most trematodes and cestodes, would suggest that a similar process may be utilised by these worms,
there is no evidence of this protein interacting with any miRNAs within parasite EVs [32]. However,
nematodes also express a lineage-specific expansion of Ago proteins (WAGO), one of which
reportedly mediates the exports of small interfering RNAs into the EVs of H. bakeri [110]. The
conservation of WAGO in Clade V nematodes suggests the existence of a specialised RNA secretion

pathway for these helminths.

Several RNA binding proteins (RBPs) are also known to be involved in selective sorting of miRNA
into EVs in mammalian systems [111]. Comparing the sequences of EV packaged miRNAs to the
miRNAs that are retained in mammalian cells, revealed the presence of specific sequence motifs
within miRNAs which determined whether they were exported or retained by cells. Specifically,
miRNA sequences that were enriched in EVs had one to four motifs of 4-7 nucleotides with high
G+C content and lower Gibbs free energy than the miRNAs that were retained in cells [112]. Pulling
down interacting proteins from cell lysates with EV enriched miRNAs displaying these motifs
identified SYNCRIP, ALYREF, RBMX, and FUS as RBPs with central roles in the selective sorting
of miRNAs. Other RBPs identified through their interactions with specific miRNAs include
HNRNPA2BI1, YBX-1, and MVP [111]. However, although transcripts for these proteins can be
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found in helminth genomes, only MVP is reported in platyhelminth EV proteomic data, suggesting
that either these RBPs are present at undetectable level, or they are present in helminth EVs only at
certain timepoints during infection. Alternatively, other proteins may be utilised in helminth EV

miRNA sorting [32].

One such candidate is calpain, a calcium dependent cysteine protease that is detectable in several
species of trematode and cestode [113]. Inhibition of calpain expression reduces the quantity of
several miRNAs in S. japonicum EVs [114], supporting a function in miRNA shuttling into EVs. In
addition, orthologues of ADP-ribosylation factor 6 and Exportin-5, proteins which interact to shuttle
a precursor-miRNA complex into EVs in mammalian cells, have been reported in several species of
platyhelminths and cestode EVs [76, 115, 116], suggesting that this mechanism of precursor-miRNA
packaging may be operational in helminth species. However, most studies examining helminth-
derived EVs have primarily focused on the detection of mature miRNA sequences. Consequently, it
is not known whether helminth-derived miRNAs are also delivered to host cells as primary, or
precursor, miRNA sequences. Future studies to ascertain the precise form of miRNAs within EVs
will be critical to better understand their mechanisms of transcriptional regulation, and thus functional

implications, in recipient cells.

1.4.4. miRNA-mediated regulation of gene expression

1.4.4.1. The miRNA biogenesis pathway

The miRNA biogenesis pathway is well conserved in eukaryotes and is a tightly regulated process
that involves a cascade of molecular processing by enzymes and protein interactions. First, the
miRNA genes are transcribed by RNA polymerase II into nascent primary (pri)-miRNA transcript
[117]. Then, in the canonical miRNA biogenesis pathway, the pri-miRNA transcript is processed in
the nucleus by the microprocessor complex of Drosha and DGCRS to generate an intermediary stem-
loop structure called precursor (pre)-miRNA (Figure 1.3) [118]. This pre-miRNA is exported to the
cytoplasm by an exportin-5 (XPOS5)/RanGTP complex [119]. In the cytoplasm the stem-loop structure
of the pre-miRNA is processed/ diced by an RNase III endonuclease Dicer to form ~22bp mature
miRNA duplex (Figure 1.3) [120]. One strand of the duplex miRNA loads onto Ago proteins and is
termed the guide strand [121]. The unloaded strand, called the passenger strand, unwinds from the
guide strand, and is degraded by the cellular machinery. Whether the 5p or 3p strand is loaded on
Ago varies greatly depending on the thermodynamic features of the miRNA strands, cell type or
cellular environment [122]. The Ago-loaded mature miRNA along with other proteins forms the
RNA- induced silencing complex (RISC) [123]. Finally, the RISC complex guided by the miRNA

strand can then bind to complementary mRNA sequence to induce mRNA degradation or translational
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repression. While the conventional model dictates that high sequence complementarity leads to
sequence degradation, whereas low sequence complementarity leads to reversible post-transcriptional
suppression, recent evidence of deviations from this model suggests a more nuanced and complex
balance between degradation and repression. It is suggested that the mode of miRNA gene silencing
is influenced by factors, such as developmental stage and environmental conditions [124]. However,
the mechanistic details, particularly the criteria that determine whether a target mRNA is degraded or

translationally repressed by a cognate miRNA remains to be elucidated.

Besides the canonical pathway, several non-canonical miRNA biogenesis pathways are responsible
for the production of mature miRNAs from structurally diverse small RNAs. The most common non-
canonical pathways are Drosha/DGCR8-independent and Dicer-independent pathways [125].
Mirtrons are small RNA hairpin structure that arise from introns during mRNA splicing events, as
such they resemble Dicer substrate and do not require Drosha/ DGCRS processing (Figure 1.3) [126].
Mirtrons contribute to ~15% of total mature miRNA population in human and are prevalent in C.
elegans [127]. Another unique class of miRNAs that bypass the microprocessor cleavage step are 5’
7-methylguanosine (m’G) capped pre-miRNAs, derived directly from RNA polymerase II transcript.
Unlike the canonical miRNAs, the capped pre-miRNAs are transported to the cytoplasm via Exportin-
1 for Dicer processing (Figure 1.3) [125]. The observation that 5> m’G pre-miRNAs identified in C.
elegans are lineage specific miRNAs, suggested that these miRNA genes are newly acquired, and
that this pathway of biogenesis may have emerged later in evolution [128]. On the other hand, Dicer-
independent miRNAs are processed by Drosha from endogenous short hairpin RNA (shRNA)
transcripts (Figure 1.3). These pre-miRNAs require Ago2 to complete their maturation within the
cytoplasm because they are of insufficient length to be Dicer-substrates [ 129]. This, in turn, promotes
loading of the entire pre-miRNA into Ago2 and Ago2-dependent slicing of the 3p strand [130]. The
3’-5" trimming of the 5p strand completes their maturation [131]. However, Dicer processed small

interfering (si)-RNAs are more efficient at gene silencing than the dicer independent siRNAs [132].
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Figure 1.3. Mammalian miRNA biogenesis pathways. In the canonical miRNA biogenesis pathway,
the pri-miRNA transcript is processed in the nucleus by Drosha and DGCRS to generate an
intermediary stem-loop structure called precursor (pre)-miRNA. This pre-miRNA is exported to the
cytoplasm by Exportin-5. In the cytoplasm, the stem-loop structure of the pre-miRNA is cleaved off
by Dicer to form a mature miRNA duplex. One strand of the duplex miRNA loads onto Ago and is
termed the guide strand. The Ago loaded miRNA along with other proteins form the RISC complex.
Finally, the RISC complex guided by the miRNA strand binds to complementary mRNA sequence to
induce mRNA degradation or translational repression. In the non-canonical miRNA biogenesis
pathway, structurally diverse small RNAs can be processed into mature miRNAs by bypassing one or
more of the key biogenesis enzymes, leading to alternative processing mechanisms. Mirtrons and 7-
methylguanine capped (m7G)-pre-miRNAs bypass Drosha/ DGCRS processing, while mirtrons are
exported from the nucleus to the cytoplasm by canonical Exportin 5, m7G-pre-miRNAs are
alternatively shuttled via Exportin 1. In the cytoplasm, both the precursors are processed by Dicer.
On the other hand, small hairpin RNAs (shRNAs) are processed by Drosha/DGCRS complex and
exported via Exportin 5, but instead of Dicer, they are alternatively processed by Ago2. All pathways
ultimately produce mature functional miRNAs that can load onto Ago and form miRISC complex.

This Figure was created using Biorender.com
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1.4.4.2. Processing of helminth miRNAs in mammalian cells

The notion that the miRNA biogenesis pathway can be exploited by foreign miRNAs to mediate
cross-kingdom communication was first demonstrated in plants whereby fungal miRNAs were found
to load onto plant Ago proteins leading to silencing of mitogen-activated protein kinase genes and
consequent suppression of protective immunity [133]. Subversion of host cell miRNA machinery by
pathogen-derived miRNAs has now been identified in viral, bacterial and plasmodium infections [59,
61, 134]. The detection of fhe-miR-125b, a highly conserved parasite-derived miRNA, in Ago2-pull
down products from macrophages of F. hepatica-infected mice [63] and the identification of sja-miR-
125b from S. japonicum in Ago pulldown products from macrophages treated with parasite-derived
EVs in vitro [79] now provide evidence that miRNAs from parasitic worms can also be incorporated

into the miRISC machinery of mammalian cells.

The loading of miRNAs to Ago protein is a very precise process that involves thermodynamics and
base-match composition and is partially dictated by the sequence and structure of the miRNA [135].
As the seed sequence of both Fasciola the-miR-125b and Schistosome sja-miR-125b is identical to
mammalian miR-125 [63], and as conserved miRNA sequences are the most abundant in helminth
EVs, it was initially proposed that only helminth miRNAs that are close homologs to mammalian
sequences may be functional in their host cells. However, the recent detection of H. polygyrus miR-
71 loaded onto Ago?2 in transfected Th2 cells implies that this conservation may not be essential as
this helminth miRNA is specifically expressed by nematodes and does not have a homolog in

mammalian cells [90].

In addition to the influence of miRNA sequence and structure, loading onto Ago is also partly dictated
by the functional requirements of the cell at any particular time. In this way, miRNA mechanisms of
gene regulation can be spatially and temporally controlled as required. A cell-specific functionality
for helminth miRNAs has not been explored, as most experimental studies of helminth miRNAs have
focused on the modulation of the biological activity of a single cell type (Table 1.2). However, the
biological outcome of H. polygyrus miR-71 transfection was examined in both Th2 cells and
macrophages, although similar measures of functionality were not assessed in both cell types [90].
While transfection of Th2 cells resulted in a significant reduction in expression of the transcription
factor Irf4, transfection of macrophages had no significant effect on the production of cytokines,
although their expression would be expected to be altered because of changes in expression of Irf4
[136]. Despite these caveats, the results provide a suggestion of varied efficacy for helminth miRNA

that is dependent on the cell type, a notion that requires further consideration.
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Loading onto Ago2 represents the final step in the canonical miRNA biogenesis pathway (Figure 1.3)
and supports the presence of mature helminth miRNAs in mammalian cells and alludes to potential
functionality within the mammalian miRNA machinery. However, it does not determine whether the
worm miRNAs are delivered to their host cells as mature sequences that are directly loaded to Ago2
or as pri-miRNA transcripts or precursor miRNAs that are processed by Drosha and/or Dicer. While
some sequence features for Drosha cleavage are common between C. elegans and human miRNAs,
C. elegans lack other structures and sequence motifs that are critical for efficient cleavage by human
Drosha [137]. Moreover, despite the high similarity in domain structures and polypeptide sequences
of C. elegans and human Drosha, the C. elegans enzyme has different substrate recognition
approaches and cleavage mechanisms compared to the human microprocessor [137]. In contrast, the
observation that a Schistosome specific pri-miRNA mimic (pri-sja-miR-2162) was processed into a
mature functional miRNA in hepatocytes suggests that unlike the miRNAs of the free living C.
elegans, miRNAs secreted by parasitic worms can be fully embedded into the mammalian miRNA
biogenesis pathway [88]. This may further indicate that the capacity to utilise host miRNA biogenesis
pathways evolved as an adaptation to parasitism and builds on the proposal that this functionality is

not solely dependent on conservation with specific mammalian miRNA sequences.

The pre-miRNAs released by Drosha typically comprise of a near perfect based-paired stem, a large
terminal loop, and a 2nt overhang at the 3° end, which is essential for efficient Dicer cleavage, [138].
Given that the large majority of helminth miRNAs (conserved and novel) possess these precursor
characteristics, processing by mammalian Dicer could be expected [64]. Moreover, a position
dependent 3-bp motif in pre-miRNAs, termed the GYM motif, recently determined to influence the
cleavage site and efficiency of human Dicer cleavage is positionally conserved in nematodes [139]
which further validates the possibility that helminth-derived miRNAs can be efficiently processed by
the human miRNA biogenesis pathway.

The possibility that parasite-derived miRNAs are also processed via non-canonical pathways in host
cells cannot be excluded. Although knowledge of non-canonical miRNA processing of exogenous
pathogen-derived miRNAs within host cells remains limited, evidence of non-canonical miRNA
processing of viral miRNAs by host cells have been reported. For instance, mirtron like viral product
from Sindbis virus is processed in a Dicer dependent and Drosha independent manner in infected
murine fibroblast cells in vitro [140]. On the other hand, SARS-CoV-2 small viral RNA biogenesis is
not affected by Drosha and Dicer deficiency in infected host cells and it is suggested that viral factors
or other cytoplasmic proteases during infection could be involved in the maturation of viral miRNAs

[141].
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In addition to the control of miRNA functionality by aspects of the biogenesis pathway such as
enzyme cleavage, and selection for Ago loading, the stability of miRNAs also shapes the biological
impact to cells by influencing the evolution of target sites in the 3’UTR of genes [142]. Since miRNAs
target 3’ UTRs of genes, target genes that are co-expressed with a miRNA evolve to selectively avoid
complementary base pairing with miRNAs that are co-expressed with the gene [143]. H. polygyrus
miRNA, hpo-miR-71-5p, was detected continuously for several days after transfection into recipient
mouse cells, suggesting that the helminth miRNAs are highly stable in host cells. As such, it is
plausible that the helminth miRNAs can influence the evolution of target sites of host genes. Of
interest, the production of miRNA sequence variants (isomiRs) is emerging as a mechanism to
regulate miRNA stability and degradation [144]. While some miRNA variants arise from different
loci, other isomiRs are produced from the same loci as the canonical sequence and occur due to
variabilities in miRNA biogenesis or by post-transcriptional modifications [144]. A lineage specific
high sequence variation rate has been observed in platyhelminths; proposed to be a result of
coevolution with their hosts [145], and uridylation (addition of a uridine at the 3’ end) of certain
miRNAs, a variation which determines miRNA stability, is conserved among cestode species [146].
Furthermore, trimmed 3’ isomiRs have been found to be increased in response to immune activation,
bacterial and viral infection and these 3’ shorter isomiRs reportedly display greater stability than the
canonical miRNAs [147]. Based on these observations, it is evident that further exploration is needed
to determine the exact nature of the exogenous helminth miRNAs (mature, pri-, or pre-; canonical or
isomiR) that is being delivered to the host cells. In addition, understanding the cellular location of
these miRNAs (nucleus or cytoplasm) would help elucidate the point at which they are incorporated

into the mammalian miRNA machinery.

1.4.4.3. Mechanisms of helminth miRNA-mediated regulation of host gene expression

As the expected correlation to an increased expression of a miRNA is the reduced expression of its
target gene, to date, the functional validation of a helminth miRNA in host cells has been assessed by
measuring the expression of its predicted host gene target(s) within transfected or infected cells. This
has typically been supported by the demonstration of a specific interaction by the helminth miRNA

with the host gene 3’-UTR using in vitro luciferase reporter systems.

While this is certainly an acceptable approach, it is only one possible outcome. An alternative
mechanism could be that by sequestering the host cell components of the miRNA biogenesis pathway,
worm miRNAs prevent their occupation by mammalian miRNAs, thus altering the concentration

levels of functional endogenous host miRNAs. This effect has been observed following the
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transfection of cells with siRNAs [148] which resulted in the rapid reduction of Ago2 associated
endogenous miRNAs. This alteration in Ago loading appeared to impact most highly expressed
miRNAs, with low abundant miRNAs unchanged, repressed or even increased. Due to this
competition for Ago loading, the expression of many miRNA target genes is altered resulting in an

effect on the biology of the cell.

Furthermore, some worm miRNAs have been shown to regulate the transcriptional levels of the
miRNA biogenesis components either by direct binding or as downstream effect. Target prediction
software predicts Agol-4 and Dicer-1 are direct targets of several worm EV miRNAs, notably, miR-
277, let-7, miR-10, and miR190, [81, 149-152]. Moreover, overexpression of E. multilocularis miR-
71 mimic in mouse macrophages resulted in the enhanced expression of genes that encode the RISC
components, Agol and Ago4, which in turn caused downregulation of several host miRNAs involved

in the activation and regulation of inflammatory responses [93].

Finally, miRNAs indirectly alter the expression of gene targets by binding to other miRNAs by
sequence complementarity thus preventing their interaction with the 3’-UTR of their gene targets
[153]. There is growing evidence of viral miRNA:host miRNA direct interactions. For instance, in
SARS-CoV-2 infection, small viral RNAs have been predicted to form stable duplexes with host
miRNAs, and concurrently, many of the predicted target host miRNAs are also found downregulated
during SARS-CoV-2 infection [154]. Similarly, a Simian virus 40 encoded miRNA binds to host cell
miRNAs and prevents their binding to target mRNAs, leading to increased telomerase activity and
viral replication. There is also evidence that the miRNA:miRNA binding happens within Ago2
associated RISC [155]. In such a manner, parasite-derived miRNAs might bind host miRNAs to
directly regulate the abundance and availability of the host miRNAs, and hence affect host gene

expression.

Thus, the regulatory interplay between helminth miRNAs and host gene expression likely unfolds
through multifaceted mechanisms (Figure 1.4). Even though helminth miRNA targeted host gene
regulation is becoming more and more evident, further exploration into the miRNA pathway could
unveil the full spectrum of intricate mechanisms by which parasitic miRNAs exert control over host

gene expression.

27



Parasite cell MA Parasite
M

N\I\ miRNAs # 1 ‘1
RBP §
Encapsulated complex ot
MW .
AG02) miRNA:protein complex
® Y
oo o)
EV miRNA cargo N : : :
Extracellular . g0 e : e :
. + Mature miRNA guide NAGO2 . h
environment ? miRNA duplex . R (AGO2
?PremiRNA - N\ O/ s ] . .
7 Pri-miRNA .
: v :
‘ o .
_ \
Host cell RS @803 =
W
AR o Binding to host mRNA ———— Repress host gene expression
4&\ S d
i C,OO Binding to host miRNA hol;{l?rll"le;ls:ne
Host miRNA “,
response
%y

Host miRNA Alter host gene

RISC t

(_%. [ ‘j Sequestering host miRNA expression
Dicer a2 bio is components

s

E:X-poﬂ‘“\_‘.

—

) & xS
W U Host miRNA

Drosha

Figure 1.4. Proposed mechanism of helminth miRNA-mediated cross-kingdom regulation of host
immune response. Parasite-miRNAs are selectively sorted and transported to host cells via
extracellular vesicles (EV) or by forming stable miRNA: protein (e.g. Ago2 and HDL) complexes with
both parasite and host-derived proteins. Once internalised by the host cells, the helminth-derived
miRNAs can mimic host miRNAs, and incorporate into the host cell miRNA biogenesis pathway to
form functional miRISC complex and consequently repress host gene expression. Beyond their direct
interaction with host genes, the exogenous helminth-miRNAs may exert their influence on host
miRNAs in multiple ways. They can sequester host’s miRNA biogenesis components, including Ago
and Dicer. Alternatively, these parasitic miRNAs may directly bind host miRNAs by complementary
base pairing. Through these mechanisms, the extracellular miRNAs from helminths may orchestrate
manipulation of both host cell mRNAs and miRNAs. As such, this intricate process serves to finely
regulate the host gene function to ultimately manipulate the host immune response, ensuring the
parasite's prolonged survival and successful establishment of chronic infection. This Figure was

created using Biorender.com.
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1.5. Finding the knowns to the unknowns

The expanding characterisation of helminth miRNomes and their corresponding predicted
mammalian gene targets, combined with the increased detection of parasite-derived miRNA
sequences within the cells of infected mammalian hosts, is providing growing validation to the
hypothesis that parasitic worms can effectively modulate their host miRNA machinery to regulate the
protective immune response to benefit their long-term survival. However, as described here, there is
many unknowns regarding the mechanisms by which helminth miRNAs enter and function within

their host cells.

Mechanistic approaches can be guided by models of miRNA biogenesis in mammalian cells and in
the model worm C. elegans. However, it will be also important to consider the diversity between
helminth species. As mentioned here, at the most fundamental level, understanding the impact of
sequence, structure, and cellular localisation of helminth miRNAs on the interaction with host Ago,
will be critical to fully elucidate the mechanism of loading and functionality. In addition, a deeper
understanding of helminth miRNA sequences will provide more detailed information on the specific
form (pri-, pre-, or mature; canonical or isomiR) that is packaged into EVs for transfer and will reveal
potential cleavage sites for enzymes of the mammalian miRNA biogenesis pathway. These insights
will predict the specific entry point for the helminth miRNA into the mammalian processing system,
which can then be supported by in vitro assessment using cells deficient/overexpressing different
components of the biogenesis pathway. Finally, the broad impact that helminth miRNAs have on their
host cells should be fully assessed, beyond the simple characterisation of predicted gene targets and
their level of expression. Consideration should also be given to a likely shift in the Ago loading of
endogenous host miRNAs, and the possible regulation of host miRNAs activity by direct interaction.
Once again, the determination of these outcomes can be achieved through the application of standard
in vitro assays already established for mammalian miRNAs and a more comprehensive understanding

of the sequences of parasite miRNAs.

While these studies will undoubtedly provide new insights into the functionality of helminth
miRNAs, it is important to consider that these in vitro/in silico analyses may not reflect the complex
dynamic microenvironment of an infection. Unlike free-living C. elegans, the model worm commonly
used for the characterisation of miRNA biogenesis and function, parasitic worms require a
mammalian host for survival, which challenges the ability to perform and assess the contribution that
individual miRNAs make to the modulation of host immune cells in vivo and thus the parasite’s
survival. However, these studies will become more achievable in the future with the development of

organoid culturing systems that better mimic the in vivo environment of the host, thus allowing for
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extended in vitro survival and the support of developmental processes and interactions with immune

cells [156-158].

Not discussed above, but of relevance to a holistic understanding of the host-parasite relationship is
the observation that cross-kingdom communication of miRNAs is bidirectional [159]. Plant hosts use
miRNAs as part of their defence systems, transporting miRNA into fungal pathogens to inhibit the
expression of virulence genes [160]. Similarly, mammalian hosts have been shown to transfer
miRNAs to malaria parasites, which consequently mediates resistance to infection [161]. While this
pathway of communication has not been reported between host and helminths, it is plausible that
mammalian miRNAs (extracellular or vesicular) could be taken up by helminths as they feed on host
blood and tissue. However, given the success of helminth parasites in colonising their mammalian
hosts and establishing chronic infections, it is equally likely that this mechanism of host defence is
less effective against worms as compared to the microbial, and intracellular pathogens such as
malaria. Indeed, it is more likely that helminth parasites are utilising host miRNAs as signals/cues for

development and maturation.

Overcoming the technical challenges raised here and solving some of the unknowns highlighted will
unravel this sophisticated mechanism of communication between helminths and their hosts.
Addressing these considerations will also ascertain whether interfering with the functions of parasite
miRNAs and/or manipulating the expression of their gene targets offers a new strategy to achieve

therapeutic control of these pathogens and regulation of mammalian inflammatory responses.

1.6. Using Fasciola hepatica as a model organism to explore helminth-host miRNA-mediated
cross communication

Fasciola hepatica (the liver fluke) is considered one of the most successful helminth due to its ability
to infect the greatest variety of mammals, and the widest geographical spread compared to any other
parasitic worm [162, 163]. This not only implies a superior adaptation to parasitism compared to most
other helminths that generally only infect a single host but also suggests that they have evolved a
minimal number of universal processes of virulence and immune modulation and hence serves as an

ideal model to study the helminth-host relationship.

In addition, within its mammalian host, the liver fluke progresses through clearly defined
developmental stages that correspond to specific host tissues (gut, liver, and bile duct) [164],
providing accessibility, and a framework for dissecting the parasite’s adaptive strategies and

mechanisms of host manipulation. Moreover, studies of F. hepatica infection in its definitive hosts
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(e.g. sheep and cattle) and in experimental models (rodents) report a consistent profile of the host
immune response, making F. hepatica a tractable model for studying helminth-host interactions.
Additionally, the availability of updated draft genomes, extensive stage-specific transcriptomics and
proteomics provides a unique platform to elucidate the molecular mechanisms that govern these

interactions [165-173].

Mammalian definitive hosts of F. hepatica become infected through the ingestion of vegetation
contaminated with encysted dormant larvae, known as metacercariae [164, 174]. Upon reaching the
host’s intestine, the acidic environment triggers excystment, releasing newly excysted juveniles
(NEJs) (Figure 1.5). These NEJs actively perforate the intestinal wall and migrate through the
peritoneal cavity and penetrate the liver capsule [164]. As they develop, the juvenile flukes feed and
tunnel through the liver parenchyma for weeks to grow and mature into adult worms [175].
Eventually, the adult flukes reach the bile duct, where they can reside for an average of 20 years.
Once established, the adults produce thousands of eggs, which are excreted in the host’s faeces,
perpetuating the parasitic life cycle. During this process, the liver fluke inflicts insidious health
consequences on the host, through extensive liver damage, anaemia and reduced life expectancy,

collectively known as fasciolosis.

To date, intervention strategies against F. hepatica have had limited success [176]. Most approaches
have focused on targeting adult parasites. However, by this stage of infection, the parasite is actively
destroying the liver tissue as it feeds and migrates towards the bile duct [177]. A more effective
preventative approach would be to target the NEJs, the early migratory stages of the parasite, before
they enter the host liver (Figure 1.5). However, this strategy would require an ability to diagnose
infection during the first few weeks after ingestion of the metacercariae, which is challenging because
the early prepatent phase is largely clinically silent, with limited inflammatory responses that would

otherwise signal infection.

31



5. Feeding and
tunneling of flukes
damage liver

4. Juvenile flukes .o

penetrate the liver 6. Adult flukes migrate

to bile ducts and produce
\ eggs
3. NEJs penetrate the N
intestinal wall and migrate .-~
through the peritoneum °

2. Metacercariae excyst
to newly excysted
juvenile worms (NEJs)

. Ingestion of the
metacercariae

Figure 1.5. Fasciola hepatica life cycle in its definitive host involves their residence in multiple
tissue niches while manipulating the host innate immune responses. (1) Mammalian definitive hosts
of F. hepatica become infected through the ingestion of vegetation contaminated with encysted
dormant larvae, known as metacercariae. (2) Upon reaching the host’s intestine, the acidic
environment triggers excystment, releasing newly excysted juveniles (NEJs). (3) The NEJs perforate
the intestinal wall and migrate through the peritoneal cavity. (4) The flukes penetrate the liver
capsule. (5) The immature flukes feed and tunnel through the liver for weeks to grow and mature into
adult worms. [178] (6) The adult flukes reach the bile ducts, where they produce eggs, which are
excreted in the host’s faeces, perpetuating the parasitic life cycle. This Figure was created using

Biorender.com.
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1.6.1 Fasciola hepatica manipulates the host’s immune responses to establish chronic infection

Like all helminth infections, macrophages are the predominant innate immune cell present during the
early stages of infection with F. hepatica [175, 179]. Typically, in response to an invading pathogen,
the mammalian innate response induces an M1 macrophage phenotype to mediate host protection
from infection through the production of pro-inflammatory cytokines, cytotoxic nitric-oxide and other
antibacterial effector molecules [180]. However, during the pre-hepatic stages of infection with F.
hepatica, as the NEJs penetrate the intestinal wall and migrate through the peritoneal cavity, infected
animals display no clinical signs or inflammatory changes in the intestine wall [181, 182].
Macrophages in the peritoneal cavity of infected mice or sheep do not exhibit a significant increase
in the production of pro-inflammatory cytokines (e.g., TNF, IL-12, IFNy) or anti-microbial effectors
(such as, iNOS, nitric oxide (NO)). Evidence from clinical trials and experimental infections suggest
that host M1 macrophages and their associated pro-inflammatory mediators are effective against the
NEJs [183, 184]. Therefore, the absence of this phenotype of immune response during an infection
suggests that immediately after infection, F. hepatica NEJs employ mechanisms to disarm the host’s
protective pro-inflammatory innate ‘early-response’ to prevent their detection at a vulnerable time in
their invasion and ensure safe passage to the liver (Figure 1.6). Once in the liver, the flukes cause
extensive tissue damage by feeding and migrating and at this point of infection, an anti-inflammatory
M2 phenotype of immune response predominates (Figure 1.6), characterized by Argl and Ym1. This
macrophage phenotype mediates the induction of the adaptive Th2 immune response, regulates the
host protective M1/Thl immune response and instead promotes tissue repair in the host [185]. The
importance of this M2-driven host protective response is further supported by studies showing that
F. hepatica infection in mice lacking programmed death ligand 2 (PD-L2), a molecule essential for
M2 macrophage induction and Th2 polarization, results in exacerbated liver pathology and premature
host mortality [186]. However, the number of worms recovered from these immunodeficient mice
was similar to that in wild-type controls [186], supporting the idea that once the parasites reach the
liver, the host immune response becomes primarily focused on limiting tissue damage rather than

mounting effective anti-parasitic immunity.

Besides macrophages, other innate immune cells, eosinophils, dendritic cells, and neutrophils also
display a modulated immune response during F. hepatica infection, despite of an influx of these cells
into the peritoneum during infection [182, 187]. Although ex vivo studies show that eosinophils
isolated from infected cattle can kill F. hepatica newly excysted juveniles (NEJs), in vivo these cells
are largely ineffective against the parasites, and eosinophils recovered from the peritoneal fluid of
infected sheep are not degranulated, suggesting that they are not activated [187]. Similarly, dendritic

cells within the peritoneal cavity lose their antimicrobial properties and ability to prime naive T cells
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toward a protective Thl profile [188, 189]. Neutrophils have also been shown to exhibit a reduced
ability to produce reactive oxygen species or undergo NETosis when exposed to F. hepatica in vitro

[190].

Consequently, in parallel with these innate responses, the adaptive immune response to F. hepatica
initially comprises a mixture of Thl and Th2 cells [191]. However, the parasite specific Thl
differentiation is soon suppressed and the Th2 profile becomes dominant as the parasites penetrate
the liver [191]. Later, when the flukes reach the bile duct, the fluke-specific T cell population evolves
into a combination of regulatory T cells and anergic effector T cells, promoting healing of the fluke

damaged tissues, and ultimately mediating host tolerance of the growing parasites (Figure 1.6).

Understanding the mechanisms that F. hepatica uses to suppress the host’s immune response during
the early stages of infection will provide opportunities to counter these strategies to target the NEJs,

preventing the flukes from penetrating the liver capsule and thus reduce disease pathology.

Helminths achieve their immunomodulatory effects primarily by releasing a broad range of ES
products [1, 102, 178, 192-196]. As a prototypical helminth, F. hepatica secretes a range of
molecules, either individually or packaged within EVs, as it migrates through host tissues. While
these assist with parasitic activities, including tissue degradation, haemoglobin digestion, and egg
production, the ES products also possess potent immunomodulatory properties. Research to date has
largely focused on the characterisation of proteins within these ES products, leading to the
identification of several of the F. hepatica proteins, such as, Cathepsin L1, FhRHDM, and FH12, with
immune modulating properties [185, 197-201]. However, as mentioned above, more recently, as it
has become increasingly apparent that helminth-derived microRNAs (miRNAs) also contribute to the

regulation of the host immune response.
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Figure 1.6. Host immune response to F. hepatica infection. As the newly excysted juvenile worms
penetrate the intestine and enter the peritoneum, the host’s protective M1 macrophage response is
actively suppressed. Although eosinophils, dendritic cells, and neutrophils are recruited to the site,
these cells remain largely inactivated. Once in the hepatic tissue, the immune response shift towards
M2 macrophage phenotype and a Th2-dominated environment which promotes tissue repair over
parasite clearance. During chronic infection in the bile ducts, there is a predominance of regulatory
T cells (Tregs) and immune hypo-responsiveness/anergy in effector T cells, which helps limit
excessive immunopathology and facilitates parasite persistence. Figure adapted from Quinteros,

O'Brien [175]. This Figure was created using Biorender.com.
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1.6.2. Fasciola hepatica subverts the mammalian miRNA machinery to suppress early innate
immune responses

To explore the possibility that F. hepatica was utilising miRNAs to regulate the activity of host
immune cells, my host research group firstly characterised the miRNA profile at the different life
stages of F. hepatica [33, 41]. As expected, each intra-mammalian life stage of this parasite has a
distinct miRNA profile. In particular, the NEJs have a miRNA profile that is quite distinct compared
to the juvenile and adult flukes. While this likely reflects the large developmental changes that occur
from the NEJ to juvenile life stage, it may also support the immune regulation of host cells that is

required during migration through the host peritoneal cavity.

Supporting this notion, using a mouse model of F. hepatica infection 25 Fasciola-derived miRNAs
were identified in the peritoneal macrophages of infected mice, with parasite miRNAs detected as
early at 6h, and peaking at 18h post infection, a time that coincides with the migratory stage of the
parasite through the peritoneum [63]. Most of these Fasciola miRNAs have been previously reported
to be present in the worm EVs, suggesting that the worm miRNAs are exported to host cells primarily
via this mechanism [63, 202]. In addition, all of these worm miRNAs are highly conserved and several
of them were orthologues of mouse miRNAs with identical seed sequences, suggesting that the worm

miRNAs can mimickthe host miRNA sequences to function in host cells [56, 63].

Consistent with a functional role, worm-derived miRNAs in the peritoneal macrophage were found
to be loaded onto mammalian Ago2, the core protein of the RNA induced silencing complex (RISC)
that binds to mRNA to exert transcriptional repression [63]. Therefore, finding a mature parasite
miRNA interacting with mammalian Ago2 suggests that the worm miRNAs can engage the

mammalian miRNA machinery to mediate cross-kingdom gene regulation.

Bioinformatic target prediction further supports this observation, indicating that several of the
detected parasite miRNAs in macrophages have the potential to regulate mammalian genes involved
in innate immune responses [41, 63, 202]. This has been further confirmed in vitro, with macrophages
transfected with the-miR-125b, leads to the targeted suppression of host genes resulting in the

regulation of proinflammatory responses [63].

Collectively, these findings support a pivotal role for F. hepatica miRNAs in shaping the host’s early
innate immune responses to prevent their expulsion. A deeper understanding of the fluke miRNAs
and how they operate within host cells could unlock a powerful avenue for developing novel
diagnostic biomarkers, vaccines, and non-chemotherapeutic interventions, thus offering promising

strategies to control fasciolosis at its earliest and most vulnerable stage of infection. Furthermore, this
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would also provide foundational knowledge of how worms may have adapted to utilise the miRNA

biogenesis machinery to support a parasitic lifestyle.
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1.7. Thesis hypothesis and aims

Building on knowledge to date and addressing fundamental gaps in understanding, this PhD
dissertation has focused on elucidating the role of miRNAs in the parasite-host interaction during the
pre-hepatic stage of infection with F. hepatica with the aim of providing foundational knowledge of
parasite-host communication and to support the development of new strategies for diagnosis and

infection control.

Accordingly, the hypothesis is that worm-derived miRNAs are released during infection and have
adapted to exploit the host mammalian miRNA biogenesis pathway to subvert immune protection

pathways and thus support virulence and long-term survival.
The following experimental aims were investigated:

Aim 1 Assessing the viability of using the differential expression of circulating miRNAs as

biomarkers for the diagnosis of F. hepatica infection.

Aim 2 Comparing the functional activity of F. hepatica-derived canonical and isomiR miRNA

sequences in the regulation of macrophage inflammatory responses.

Aim 3 Deciphering the mechanisms by which parasite-derived miRNAs exploit the host RNA

interference (RNA1) machinery to regulate host gene expression.
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Chapter 2:
Assessing the viability of using the differential
expression of circulating miRNAs as a biomarker

for the diagnosis of F. hepatica infection.
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2.1. Introduction

As mentioned in chapter 1, Fasciola hepatica, is a trematode that causes fasciolosis, a major public
health issue and neglected tropical disease affecting 2.5 million people in 81 countries [11].
Prevalence of liver fluke infection is thought to be on the rise due to the spread of drug-resistant
parasites and climate change [203, 204]. While F. hepatica has adapted to infect every mammalian
host that it has encountered [163, 205], grazing ruminants are most susceptible to infection due to
their ingestion of pasture and water contaminated with the infective metacercariae. As such,
fasciolosis is a significant economic burden to the livestock industry, with global losses of over US

$3 billion per annum [7, 206].

As there is currently no effective vaccine against F. hepatica [177], liver fluke control relies heavily
on the available chemical drugs, such as triclabendazole (TCBZ), closantel, and clorsulon [207]. Due
to the challenge of detecting pre-patent infection, farmers opt for preventative treatment measures
involving blanket treatment of animals before release onto pasture and further treatment depending
on factors such as housing time, local climate, fasciolosis prevalence, age of herd, and grazing period
[208-210]. Apart from the financial burden of drenching an entire herd with flukicides, this practice
is driving the emergence of drug resistance against these available chemical treatments. As such, ‘test
before you treat’ strategies are now being advocated for sustainable parasite control [211-213]. If
early diagnosis was possible, anthelmintics could be administered to infected animals only, which
would prevent/minimise the parasites from breaching the liver capsule. This approach would reduce
liver damage and avert the loss of animals. Additionally, it would decrease the number of eggs

dispersed onto pasture and curtail the unwarranted use of flukicides.

While several methods currently employed to diagnose fasciolosis in ruminants are effective, they
have notable limitations, especially for the detection of early infection [24, 210]. The gold standard
for liver fluke detection is the faecal egg count (FEC), which is a preferred technique as the presence
of liver fluke eggs represents a definitive diagnosis [214, 215]. It is inexpensive, and both the sample
collection and protocol are uncomplicated [24]. However, this method only detects infection at 8-12
weeks [216]. In addition, due to the uneven distribution of eggs in the faecces when the worm burden
is low this method lacks sensitivity [217]. Coproantigen ELISAs can detect liver flukes two to three
weeks earlier than FEC [218] but this antigen-based assay lacks sensitivity due to the low and
inconsistent abundance of the liver fluke antigens in the host samples [219, 220]. Higher sensitivity
can be obtained using serological techniques [221]. Detection of anti-liver fluke antibodies in serum
is a more sensitive alternative, and ELISAs for these have been proven to detect infection from three

to four weeks post-infection. However, this method cannot distinguish between new and previous
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infections [219]. Additionally, maternal antibodies can persist in lambs for up to 12 weeks post-birth,
limiting the applicability of this assay during the first two months on pasture [222]. Another
complication of antibody detection is the lack of specificity due to cross-reaction with antibodies
raised in response to other infections [223]. Finally, although the presence of liver enzymes within
sera samples, including glutamate dehydrogenase (GLDH), gamma-glutamyl transferase (GGT) and
albumin, are a good indication of liver damage, these changes are transient, variable, and not specific

for the liver fluke [224].

Micro(mi)RNAs are small non-coding RNAs that play a central role in all biological processes [225]
and offer great promise as markers of disease. Importantly, changes in their expression profiles have
been correlated to several pathologies, including infectious diseases [226]. In addition, circulating
miRNAs are present and highly stable in most bodily fluids, including blood, saliva, urine, and milk,

making them robust candidates for non-invasive diagnostic and prognostic biomarkers [227].

Several studies have reported alterations in the abundance of both host and parasite-derived miRNAs
in circulation during helminth infections, suggesting their utility as biomarkers for detecting infection
[55, 228-230]. While the diagnostic potential of circulating miRNAs during fasciolosis has not yet
been explored, it has been previously shown that F. hepatica miRNAs are expressed in a life cycle
stage-specific manner and that fluke-derived miRNAs can be detected in host cells during the pre-

hepatic stage of infection [63, 231].

Therefore, the aim of this study was to determine whether a differential abundance of host and F.
hepatica miRNAs in sera was evident in experimental infected sheep that could be used to diagnose
F. hepatica infection, particularly from the early pre-hepatic stage of infection. Such an outcome

would enable prompt and effective intervention before the parasite causes significant liver pathology.
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2.2. Methods

2.2.1. Sheep sera samples from experimental Fasciola hepatica infections

Sheep sera samples were available through previous experimental infection studies, which were all
performed according to standardised protocols to ensure consistency and reproducibility between
studies. Male sheep were orally infected with F. hepatica metacercariae, and blood samples collected
by jugular venepuncture at various time points (Table 2.1), using appropriate blood collection tubes
for serum collection. The blood was allowed to clot at room temperature, followed by centrifugation
at 1000 x g for 10 minutes in a refrigerated centrifuge. The serum was collected and aliquoted into
ImL aliquots that were frozen at -80 °C. Four sets of sheep sera samples were used in this study, with
each set representing an independent infection cohort (Table 2.1). The samples from sets A, B and D,
were processed in the Molecular Parasitology Laboratory, Ireland. The samples collected in Spain
(Set C) were transported to the Molecular Parasitology Laboratory in Ireland frozen on dry ice. Upon
delivery, they were placed at -80 °C. Samples used for this study were defrosted in the fridge the
evening before RNA extraction; this process was the first time they had been thawed since collection.
Samples from Set A and Set B were used to prepare the small RNA sequencing library. Set C (pre-
hepatic time points) and Set D (hepatic time points) were used for RT-qPCR validation of the
diagnostic potential of selected miRNAs. Sets C and D were obtained from longitudinal sheep F.

hepatica infection studies that included non-infected age-matched animals as field controls.

43



Table 2.1. Details of the experimental F. hepatica infections in sheep.

Samples for Sequencing

Set A Set B
Study type Cross-sectional Longitudinal
Cohort (infection type) | Pre-hepatic infection Hepatic infection
Sheep breed Dorset cross sheep Dorset cross sheep
Sheep age (at day 0) 6 months 6 months

F. hepatica isolate

Italian isolate (Ridgeway Research, UK)

South Gloucester isolate (Ridgeway Research, UK)

Infection dose

150 metacercariae

150 metacercariae

Collection time points

0,2,9, 14, 18 dpi (n = 6/timepoint)

3,7, 10, 14 wpi, Neg-14 wpi (n = 6/timepoint)

Study location AFBI, UK AFBI, UK
Study reference [232] [232]
Samples for qPCR validation

Set C SetD
Study type Longitudinal Longitudinal
Cohort (infection type) | Pre-hepatic infection Hepatic infection
Sheep breed Merino-breed sheep Dorset cross sheep
Sheep age (at day 0) 8 months 6 months

F. hepatica isolate

Italian isolate

Italian isolate

Infection dose

150 metacercariae

120 metacercariae

Collection time points

0 dpi (n = 3 non-infected; 9 pre-
infection)

7, 14 dpi (n = 14 non-infected; 11
infected)

3, 15, 20, 23 wpi

(n = 6 non-infected; 4-5 infected/timepoint)

Study location

Cordoba, Spain

AFBI, UK

Study reference

Not published

[232]

dpi: days post infection; wpi: weeks post infection
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2.2.2. Ethics statement

Experimental procedures at Agri-Food and Biosciences Institute (AFBI; UK) were carried out under
license from the Department of Health, Social Services and Public by the Animal (Scientific
Procedures) Act 1986 (License No. PPL 2771; PPL 2801), after ethical review by the AFBI Animal
Ethics Committee. Experimental procedures at the University of Cordoba, Spain were carried out
under license from 22-12-2015-381 in accordance with EU Directive 2012/707/UE and RD 53/2013
following ethical approval from the University of Cordoba Bioethics Committee (code no, 2015-PI-
038).

2.2.3. RNA isolation from sheep sera, lamb tissue, and newly excysted juveniles

Small RNA extraction was performed on sheep sera using Tri-Reagent as described previously [233].
Frozen serum samples were thawed and 400 pL aliquots were treated with proteinase K (1 mg/mL;
Thermo Fisher Scientific) for 20 minutes at 37 °C to degrade proteins. Then, 750 puL Tri-Reagent RT
LS (Molecular Research Centre, USA) and 100 pL 4-bromoanisole (Molecular Research Centre,
USA) was added to each 400 pL of serum samples to solubilise the nucleic acids. The homogenate
was gently mixed and centrifuged at 12,000 x g for 20 minutes. The nucleic acids were precipitated
with 5 pL of glycogen (5 mg/uL; Thermo Fisher Scientific) and 500 pL of 100 % isopropanol (Sigma-
Aldrich) at - 20 °C overnight. The RNA precipitate was pelleted by centrifugation at 12,000 x g, for
15 minutes, washed twice with 70% ethanol (Sigma-Aldrich) and reprecipitated by centrifugation at
12000 x g for 10 minutes, and finally re-suspended in RNase free H2O (ThermoFisher Scientific).
For each serum sample, the RNA extracted from a total of 800 pL starting volume of sera was
combined for subsequent analysis. All samples were processed at the same time, and each 400 pL
aliquot was processed in the same manner. This process on average yielded 50 ng/uL. of RNA per
individual serum sample. The quality and quantity of RNA was assessed by POLARstar® Omega
Multimode Microplate Reader for small RNA sequencing library preparation (BMG Labtech) or
NanoDrop reader for gPCR (Thermo Fisher Scientific).

RNA was extracted from a sample of lamb rump using RNAzol RT (Molecular Research Centre Inc,
USA). Approximately 100 mg of tissue was snap-frozen with liquid nitrogen and homogenised in 1
mL of RNAzol RT with a mortar and pestle for RNA extraction, which was performed as described
previously [63] and yielded 2 pug of RNA.

The NEJ RNA had been previously isolated, as described [231]. NEJs were excysted using our
standardised protocols. The Fasciola hepatica metacercariae (Italian isolate), sourced from Ridgeway

Research Ltd (UK) were used for excystment and 24 hours culture of NEJs. Specifically,
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metacercariae were removed from the visking tubing and incubated for a maximum of 10 minutes in
2 % sodium hypochlorite with agitation at room temperature to remove the outer cyst wall. The
parasites were then washed in distilled water by sedimentation to remove all traces of sodium
hypochlorite. The washed parasites were re-suspended in excystment medium (1.2 % sodium
bicarbonate, 0.9 % sodium chloride, 0.2 % sodium tauroglycocholate, 0.07 % concentrated
hydrochloric acid, 0.006 % L-cysteine) and incubated for up to 3 hours at 37 °C in 5 % CO2. NEJs
were recovered using a pipette and washed several times in PBS by sedimentation to remove all traces
of the excystment media. The NEJs were then transferred to pre-warmed (37 °C) culture medium,
RPMI 1640 (Thermo Fisher Scientific) containing 2 mM L-glutamine, 30 mM HEPES, 0.1 % (w/v)
glucose, and 2.5 pg/mL gentamycin) and incubated for 24 hours at 37°C in 5 % CO2. Following the
incubation, the NEJs were centrifuged at 400 x g for 5 minutes to pellet the NEJs and the media was
removed. The NEJ pellet was washed three times with PBS and stored at -80 °C prior to RNA
extraction. This process was carried out in triplicate using 1000 NEJs per replicate. No serum was
used in the culture media as these samples were also used for proteomic analyses as described in
another study [166]. RNA was extracted using the miRNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. The QIAzol Lysis Reagent was added directly to the frozen NEJ pellet
for lysis and homogenization, and the RNA eluted into a final volume of 50 pL RNase-free water.
RNA integrity and concentration were verified using the 260/280 LVis plate functionality of the
PolarStar Omega Spectrophotometer (BMG LabTech) and the Quant-iT RiboGreen RNA Assay Kit
(Termo Fisher Scientific). The RNA was transported to University of Technology, Sydney frozen on
dry ice and stored at -80 °C upon delivery.

2.2.4. Sequencing and bioinformatics

RNA extracted from each time point (representing six animals) was pooled into a single
representative sample to provide sufficient yield of RNA for sequencing. RNA library preparation
was performed by Macrogen Oceania (NSW, Australia) using 1 pg of total RNA with the TruSeq
Small RNA library Prep Kit (Illumina) according to manufacturer’s instruction (Part#15004197 Rev.
G) and sequenced using Illumina NextSeq 500. The quality of the raw FASTq files was assessed
using FastQC [234], and consequently the adaptor sequences were excised, and low-quality
sequences were removed (< 20 phred score, and short read length < 18 nt) using the bioinformatic
tool CutAdapt (v3.4) [235]. The cleaned sheep sera sequence reads were then aligned against known
sheep mature miRNAs from miRBase: Ovis aries (Oar_V4.0) using Bowtie (v1) [236], allowing zero
mismatches. The miRNA sequence reads that did not align against the sheep miRNAs were then
aligned against F. hepatica mature miRNA sequences from miRBase (Fhepatica v1) and other

published sources [41, 78, 152, 231] (Supplementary Table 2.1) allowing zero mismatches. The
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counts for the sheep and F. hepatica miRNAs were extracted from the resultant SAM files using

SamTools [41].

2.2.5. Characterisation of the Differential Expression of miRNAs in sheep sera

DESeq?2 [237] was performed on the sheep miRNA read counts to assess the differential expression
of circulating host-miRNAs during infection in comparison to non-infected sheep. The sequencing
data from Set A, infection cohort (2, 9, 14, and 18 days post infection; dpi) were grouped as “pre-
hepatic infection”, and samples in the Set B cohort (3, 7, 10, 14 weeks post infection; wpi) were
grouped as “hepatic infection”, while the sequencing data from 0 dpi (pre-infection) and 14 days non-
infected animals were grouped to provide a duplicate set of “non-infected” samples. Only miRNAs
with a sum of >10 counts across all samples and with an adjusted p value < 0.05 as determined by the
DESeq?2 analysis comparing each infection group to non-infected controls, were included in the
subsequent analyses. Log2Fold change of 2 (Log2FC2) or 4-fold cut-off was applied to identify the
most differentially expressed miRNAs.

2.2.6. RT-qPCR

Custom TagMan small RNA primers were designed for sheep and F. hepatica miRNAs, as listed in
Table 2.2. The custom TagMan RT primers and TagMan™ MicroRNA Reverse Transcription Kit
(Applied Biosystems) were used for the synthesis of cDNA from 150 ng of RNA extracted from each
sample (Set A and B were pooled RNA samples from 6 individual sheep at each time point; Set C
and D were individual samples), as per manufacturer’s instructions. Then 4.5 ul of cDNA was used
for qPCR, with undiluted cDNA used for F. hepatica miRNAs, while for the sheep miRNAs the
cDNA was diluted 1:2 in dH20. The qPCR was performed using the custom TagMan primer and
TagMan™ Fast Advanced Master Mix. Samples were prepared on a MicroAmp optical 96-well
reaction plate as technical triplicates (Life Technologies) and analysed using the QuantStudio 6 Flex
real-time PCR system (Life Technologies). Default settings on the instrument software for TagMan®
reagent Fast was used for qPCR reaction, initial denaturation at 95 °C for 20 seconds, followed by 40
cycles of 1 second denaturation at 95 °C and a 20 second annealing/extension at 60 °C. The starting
concentration of the samples, presented as NO value, was calculated from the qPCR amplification raw

data using LinRegPCR software v11 [238].
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Table 2.2. Mature miRNA sequences used to design Custom TagMan primers

Species miRNA Canonical/ Sequence
isomiR
oar-miR-133-5p Canonical UUGGUCCCCUUCAACCAGCUGU
o oar-miR-323a-3p Canonical CACAUUACACGGUCGACCUCU
Qvis aries oar-miR-3957-5p Canonical CUCGGAGAGUGGAGCUGUGGGUGU
oar-miR-1197-3p Canonical CCCUUCCUGGUAUUUGAAGACG
the-Novel-11-5p Canonical AAGCUCGUAGUUGGAUCUGGGU
F. hepatica| the-miR-124-3p Canonical UUAAGGCACGCGGUGAAUGUCA
the-miR-124-3p IsomiR UUAAGGCACGCGGUGAAU

2.2.7. Statistical analysis

Statistical analysis of RT-qPCR data was performed with GraphPad Prism (v 10). Non-parametric

Welch’s two tailed t-test was performed to compare infected versus non-infected samples at each

timepoint. P value < 0.05 was considered as statistically significant.
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2.3. Results

2.3.1. Differential abundance of host circulating miRNAs during Fasciola hepatica infection

To identify the presence of circulating miRNAs that are associated with developing fasciolosis, that
may be considered as candidate diagnostic biomarkers, small RNA sequencing was performed on
RNA extracted from sera of experimentally infected sheep. Sera collected from two distinct F.
hepatica infection studies (Set A and B; Table 2.1) was used for this analysis; Sera in the Set A
samples were collected at 2, 9, 14, 18 dpi, and Set B comprised of sera taken at 3, 7, 10, 14 wpi [232].
Sera was also collected from uninfected animals in each study, harvested at time points coincident

with a pre-infection (0 dpi; Set A) and 14 weeks (Set B) timepoint.

As the initial RNA sequencing analysis of these individual samples was unsuccessful due to low RNA
yield, RNA from six sera samples at each time point was pooled for preparation of the small RNASeq
library. The resulting sequencing data was screened against the 153 mature miRNA sheep sequences
registered in miRBase (Oar_V4.0). On average, 104 and 108 out of 153 sheep miRNAs were detected
in the uninfected and infected sheep samples, respectively (Supplementary Table 2.2). Hierarchal
clustering of the sequencing data from the different time points revealed a distinct separation in the
miRNA expression between early and late infection (Figure 2.1A). To measure differential expression
(DE) during disease progression, the sequencing reads were grouped as pre-hepatic (2, 9, 14 and 18
dpi; thus n = 4) and hepatic (3, 7, 10 and 14 wpi; n = 4) samples. Comparative analysis was then
conducted using the expression profile from the sera from non-infected sheep (pre-infection 0 dpi and
14 wpi; n = 2). Principal component analysis (PCA) verified that samples produced distinct clusters,

correctly grouping the pre-hepatic and hepatic samples (Figure 2.1B).
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Figure 2.1. Differential abundance of sheep miRNAs in sera during Fasciola hepatica infection.
(A) Heatmap of relative abundance of sheep miRNAs (CPM) in non-infected sheep (0 day-Neg, 14
week-Neg), early/pre-hepatic infection (2 days post infection (dpi), 9 dpi, 14 dpi, 18 dpi), and
late/hepatic infection (3 weeks post infection (wpi), 7 wpi, 10 wpi, 14 wpi). The heatmap was created
using idep.96 [239], miRNAs were ranked by their standard deviation across all samples and
hierarchical clustering carried out for the top 100 miRNAs . Expression of miRNAs represented as
high (red) or low (blue) relative to total expression of miRNA across infection groups. (B) Principal
component analysis (PCA) plot of total sheep miRNA abundance in non-infected sheep (green), pre-
hepatic infection (2-18 days post infection) (blue), and hepatic infection (3-14 weeks post infection)
(red).
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Comparing the sheep miRNAs between the non-infected, pre-hepatic, and hepatic stages of infection
revealed several distinct miRNAs that were significantly increased or decreased in their abundance
during the progression of infection. A four-fold cut-off (Log2FC2) was applied to these miRNA
profiles to distinguish the subset of miRNAs that were most highly altered in expression and,
therefore, most likely to be above a threshold of differential abundance to support the diagnosis of

infection and potentially differentiate between the pre-hepatic and hepatic stages of disease.

This revealed the presence of six miRNAs that significantly increased during the pre-hepatic stage of
the infection phase when compared to non-infected animals (Figure 2.2A; Supplementary Table
2.3A). Of these, the change in expression ranged from 2 to 6-fold, but the differential expression of
oar-miR-323a-3p, oar-miR-133-5p, and oar-miR-3957-5p were the most significantly increased in
the infected animals. The increased expression of oar-miR-3957-5p and oar-miR-541-3p, seen in the
pre-hepatic samples, was also evident during the hepatic stage in infected sheep as compared to non-
infected sheep, albeit at a reduced level (Figure 2.2B; Supplementary Table 2.3B). In contrast, the
presence of oar-miR-133-5p, and oar-miR-323a-3p were significantly downregulated during the
hepatic stage of infection, as compared to the pre-hepatic timepoints (Figure 2.2C; Supplementary
Table 2.3C). Additionally, oar-miR-1197-3p was identified as the only miRNA significantly reduced
during the hepatic stage of infection compared to uninfected animals and pre-hepatic infection (Figure

2.2B, C; Supplementary Table 2.3B, 3C).

51



A Prehepatic vs Noninfected

15
oar—n.liR—323a—3p
210
% 0ar—r:1iR-l33-5p
=]
g s A
- oar—mlR—3957—.5p
oar-miR-541-3p 0ar-miR-323a-5p
. e )
odtihiR-43]  HarsmiR-494-5p
0
-4 0 4
log2FoldChange
Hepatic vs Noninfected
B ;
210
<
>
N
S
o0
S 5
oar-miR-1197-3p oar-miR-541-3p oar-miR-3957-5p
0
-3 0 3
log2FoldChange
C Hepatic vs Prehepatic
15
0ar—miR—13.3—5p
o 0ar-miR-323a-3p
210
<
>
N
S
&s oar-miR-1197-3p
oar‘miR-218a
0ar-miR-323a;5p
0
-6 -3 0 3 6
log2FoldChange

Figure 2.2. Circulating host-miRNA profiles are distinct during early and late F. hepatica infection
compared to non-infected animals. Volcano plots show differential expression of sheep miRNAs
using DESeq?2 in (A) pre-hepatic infection compared to non-infected sera samples, (B) hepatic
infection vs non-infected sera samples, and (C) hepatic infection vs pre-hepatic infection. Genes that

are more than *log?2 fold change 2 (FC) with significant p value (<0.05) are denoted in red.
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2.3.2. Small RNA sequencing revealed the presence of Fasciola hepatica-derived miRNAs in the
serum of infected sheep

To determine if miRNAs derived from F. hepatica were present in the sera from infected sheep,
sequencing reads that did not align to sheep mature miRNAs were screened against known F.
hepatica miRNAs (Supplementary Table 2.1). Critically, no parasite-derived miRNA sequences were
identified within the sera samples collected from non-infected sheep and, thus, validated this
approach. In contrast, six liver fluke miRNAs were found within the sera from infected sheep (Table
2.3). These miRNAs displayed a distinct pattern of expression correlating to the division of samples
into pre-hepatic and hepatic phases of infection. Specifically, two miRNAs were detected only at the
pre-hepatic stage of infection: the-miR-124-3p and the-miR-71a-5p; however, the-miR-124-3p had
higher read counts and was observed at all the timepoints, suggesting it may be a more robust infection
marker than the-miR-71a-5p. While three microRNAs (the-Novel-102-3p, the-miR-277a-3p, and
the-miR-750-3p) were linked to the hepatic phase of the infection, their counts per million (CPM)
were all below 13, suggesting a low abundance. Only fhe-Novel-11-5p, was found throughout the

entire infection, detected in all serum samples from both the pre-hepatic and hepatic stages.

Table 2.3. Total read counts of Fasciola hepatica miRNAs detected within sheep sera samples

Non-infected Pre-hepatic Hepatic
Neg-0 | Neg-14
miRNA dpi wpi 2 dpi | 9dpi |14 dpi|18 dpi| 3 wpi | 7 wpi |10 wpi| 14 wpi
the-miR-124-3p 0 0 59 32 44 28 0 0 0 0
the-Novel-11-5p 0 0 0 0 3 13 12 6 0
the-Novel-102-3p 0 0 0 0 0 0 0 13 9 0
the-miR-277a-3p 0 0 0 0 0 0 0 8 5 7
the-miR-750-3p 0 0 0 0 0 0 0 5 0 4
the-miR-71a-5p 0 0 0 8 0 0 0 0 0 0

(n = 6 sheep sera pooled/ time point); dpi: days post-infection; wpi: weeks post-infection. Neg-0 dpi: pre-infection
timepoint, Neg-14 wpi: 14 weeks age-matched non-infected control.
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2.3.3. Selection of sheep and Fasciola hepatica-derived miRNAs as potential biomarkers of
fasciolosis

Based on this sequence analysis, a panel of sheep and parasite-derived miRNAs were curated as
potential biomarkers of F. hepatica infection due to their differential abundance in infected compared
to non-infected sheep and their presence across the different stages of infection (Figure 2.3). This
panel comprised four sheep miRNAs and two F. hepatica miRNAs. The sheep miRNAs included
oar-miR-133-5p and oar-miR-323a-3p, which were the most significantly upregulated miRNAs in
pre-hepatic infection vs non-infected animals; oar-miR-3957-5p which was consistently elevated
(log2FC4) in pre-hepatic and hepatic infection; and oar-miR-1197-3p which was downregulated in
hepatic infection compared to both non-infected and pre-hepatic infection. The parasite miRNAs for
the selected candidate diagnostic biomarker panel included the-miR-124-3p and the-novel-11-5p,

which had the highest read numbers in sheep sera.

Sheep

oar-miR-323a-3p

oar-miR-133-5p
oar-miR-3957-5p
oar-miR-1197-3p

F hepatica
the-miR-124-3p

the-Novel-11-5p

Figure 2.3. Selection of host and F. hepatica miRNASs as potential biomarkers for pre-hepatic and
hepatic stages of fasciolosis. Relative abundance of selected sheep and parasite miRNAs in
uninfected animals (0 dpi-neg, 14 wpi-neg), pre-hepatic infection (2 dpi, 9 dpi, 14 dpi, 18 dpi), and
hepatic infection (3 wpi, 7 wpi, 10 wpi, 14 wpi), represented as high (red) or low (blue) normalised

read counts. dpi: days post infection, wpi: weeks post infection
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While sequencing analysis provided high-throughput screening of RNA sequences, it is not practical
for large-scale diagnosis of fasciolosis. RT-qPCR represents a more suitable method for determining

the differential expression of miRNAs in simultaneous samples of sheep sera.

On this basis, a series of qPCR primers specific to each of the selected miRNA sequences was
designed. To first test the ability of these primers to specifically detect the candidate diagnostic
miRNAs, lamb tissue was employed as a positive test sample for evaluating the performance of sheep
miRNA specific primers, while RNA isolated from F. hepatica NEJs was used as the positive control
to assess the efficacy of primers designed to detect the liver fluke miRNAs. This life cycle stage
(NEJ) of the parasite was selected because the-Novel-11-5p is reportedly only expressed in NEJs and
not in the juvenile or adult worms (both liver stages), while the-miR-124-3p is present throughout all
intra-mammalian life cycle stages with the highest expression in the NEJs [231]. Based on the results
from these RT-qPCR tests, oar-miR-1197-3p was excluded from further analysis due to its low copy
number and late Cq (~33) in lamb tissue, with undetectable levels in non-infected sheep sera (Table
2.4). According to the sequencing data, the expression level of this miRNA was expected to decrease
during the hepatic phase of infection (Figure 2.3). However, as it was not amplified in the test sera
sample from non-infected sheep, a further decrease following the progression of F. hepatica infection
would be impossible to detect by qPCR, thus negating its potential as a biomarker for hepatic

infection.

In contrast, the Cq value of oar-miR-133-5p, oar-miR-323a-3p, and oar-miR-3957-5p were within an
acceptable diagnostic range (Table 2.4), making them suitable for further analysis. In addition, the
amplification of products from the Set A and B sera samples using these primers validated the
sequencing data, as the pattern of expression was consistent with the distribution of read counts within
the sequencing data. This RT-qPCR analysis verified that both oar-miR-133-5p and oar-miR-323a-
3p were only present in the pre-hepatic set of samples whereas oar-miR-3957-5p was detected in

samples from both the pre-hepatic and hepatic stages of infection (Figure 2.4).
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Table 2.4. Assessment of primer sensitivity and specificity using lamb tissue and sheep sera.

Lamb tissue Sheep sera (non-infected)
miRNA Avg Cq £ SEM (n = 6%) Cq(mn=1)
oar-miR-3957 30.1 +£0.07 35.7
oar-miR-323 28.3+£0.25 33.5
oar-miR-133 14.6 +0.41 30.8
oar-miR1197 33.3+0.24 No Cq

*2 technical replicates of lamb tissue RNA, 3 technical replicates for qPCR for each sample.

Avg: Average, SEM: Standard error mean
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Figure 2.4. Validation of sequencing data using PCR and primers designed to detect the expression
of sheep miRNAs. RT-qPCR quantification of oar-miR-133-5p, oar-miR-323a-3p and oar-miR-2957-
5p expression in the RNA isolated from the Set A and Set B sheep sera samples that had previously
been sequenced. The data is presented as the starting quantity of genmetic material prior to
amplification (NO) as determined by LinRegPCR (v.11) This is calculated in the unit of the Y-axis of
the PCR amplification plot, which are arbitrary fluorescence units. The average N0 value of two

technical replicates are shown for each time point.
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Of the F. hepatica miRNAs, the-miR-124-3p and fhe-Novel-11-5p primers unexpectedly amplified
products in both NEJs and lamb tissue (Figures 2.5A, 2.6A). Also, the primers designed to detect the-
miR-124-3p produced extremely late, or no Cq, when tested further on the RNA samples from the
sera from infected sheep that had been sequenced (Sets A and B; Figure 2.5B). Given these
inconsistencies with the results from the test RT-qPCR in comparison to the sequencing data, a more

in-depth analysis of the sequencing data for these two miRNA sequences was conducted.

This analysis revealed that the full-length canonical sequence of the-Novel-11-5p was not present
within the sequencing reads, but a shorter variant (isomiR) missing four nucleotides at the 3° end was
identified instead (Supplemental Table 5). Furthermore, by aligning this shorter sequence to the
known sheep sequences using BLASTN (filtering for Ovis aries, txid:9940) revealed that the
shortened fhe-Novel-11-5p sequence fully aligned with sheep ribosomal RNA (Figure 2.6B), which
provides an explanation for the detection of fhe-Novel-11-5p in lamb tissue. In addition, as ribosomal
RNAs are part (10 %) of the extracellular RNA population found in sera due to cellular turnover or
secretion of microvesicles as a consequence of tissue injury (Max et al., 2018), it is likely that the
detection of this sequence in the sera of infected sheep, but not uninfected sheep, reflects the host
response to infection with Fasciola, or the tissue damage caused by the migrating parasite. However,
due to the uncertainty of whether this result is unique to F. hepatica and thus indicative of infection,

the-Novel-11-5p was omitted from subsequent analyses.
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Figure 2.5. Detection of fhe-miR-124-3p. RT-qPCR amplification plot showing (A) detection of

canonical fhe-miR-124-3p in F. hepatica tissue and lamb tissue, (B) canonical fhe-miR-124-3p was

poorly amplified in Set A or B sheep sera samples (n = 6 sheep sera samples pooled at each time

point). d: days; w: weeks, Pre-neg: Pre-infection timepoint at day 0; 14w-neg: non-infected age-

matched control at 14 weeks. Results of two technical replicates for each sample are shown in the

amplification plots.
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Figure 2.6. Detection of fhe-Novel-11-5p (4) RT-qgPCR amplification plot showing amplification of
canonical fhe-Novel-11-5p in F. hepatica tissue and lamb tissue. Results of two technical replicates
for each sample are shown. (B) BLASTN output showing that the shorter Novel-11-5p isomiR
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While the canonical sequence for the-miR-124-3p was not present in the sequencing reads from the
sheep sera samples, this miRNA was found to be present as several sequence variants (isomiRs),
missing nucleotides primarily at the 3’ end and to a lesser extent at the 5° end (Figure 2.7A).
Furthermore, the sequence of the canonical fhe-miR-124-3p was similar to cattle bta-miR-124-3p
(Figure 2.8A), with only three nucleotides mismatched at the 3’ end, suggesting that the
corresponding sheep oar-miR-124-3p was likely missing from miRbase, and was thus not filtered

from the sequencing reads during our initial analysis.

Consequently, a 100 % sequence identity of the bta-miR-124-3p precursor sequence to the non-
coding region of sheep RNA confirmed the presence of oar-miR-124-3p and that oar-miR-124-3p is
identical to bta-miR-124-3p (Figure 2.8B). Accordingly, the shorter two most dominant sequence
variants of fhe-miR-124-3p found in infected sheep sera (Figure 2.7A) matched 100 % with both
sheep and F. hepatica miR-124-3p (Figure 2.8 A). Therefore, it is impossible to determine whether
the sequencing reads for the miR-124-3p variant that are increased during F. hepatica infection
originated from sheep, parasite, or both. Nonetheless, the differential abundance of this miRNA
classified it as a suitable candidate as a potential diagnostic biomarker of infection and, thus, a primer
was designed for the most dominant 3’ trimmed variant of miR-124-3p. This primer effectively
distinguished the pre-hepatic stage of infection (Cq < 26) from both the hepatic stage and non-infected
(Cq > 33) sheep using the Set A and B sequenced sera samples, an outcome that was consistent with

the read counts from the sequencing data (Figure 2.7B, C; Table 2.3).
Based on these analyses, the miRNA candidate diagnostic biomarker panel for qPCR validation was

refined to include four miRNAs: oar-miR-133-5p, oar-miR-323a-3p, oar-miR-3957-5p, and fhe/oar-
miR-124-3p.
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Figure 2.7. F. hepatica miR-124-3p was present as several sequence variants (isomiR) in sera of
infected sheep. (4) Total read counts of the miR-124 isomiRs present at the different time-points of
infection in Set A and Set B sera. The canonical sequence is shown in yellow. The sequence of the
most dominant isomiR (red bar) was used for gPCR primer design. (B) RT-qPCR amplification plot
from primer test of the most dominant fhe-miR-124 isomiR in Set A and Set B sheep sera samples.
dpi: days post infection; wpi: weeks post infection; neg: non-infected controls; NTC: no template
control and lamb tissue. (C) RT-qPCR quantification of the dominant fhe-miR-124-3p isomiR
presented as the starting quantity of genetic material prior to amplification (NO) as determined by
LinRegPCR (v.11) This is calculated in the unit of the Y-axis of the PCR amplification plot, which are
arbitrary fluorescence units. The average N0 value of two technical replicates are shown for each

time point.
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Figure 2.8. Discovery of the presence of oar-miR-124-3p. (A) Comparison of the miRBase annotated
canonical sequences of miR-124-3p of F. hepatica (fhe) and Bos Tauras (cattle; bta). Red represents
nucleotide(s) that did not match between the two species, blue indicates nucleotide(s) missing from
the annotated canonical sequence but present in the precursor template of the miRNA. (B) Output
from Blastn showing that the precursor of bta-miR-124-3p aligned 100% with the non-coding RNA

region of sheep transcript.
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2.3.4. Circulating oar-miR-133-5p and oar-miR-3957-5p can diagnose fasciolosis from as early
as seven days post-infection

To confirm the diagnostic potential of the selected miRNAs, RT-qPCR validation was performed on
an independent archived set of sera samples harvested from individual sheep during two longitudinal
infection studies; a pre-hepatic infection cohort comprised of sera collected at 0 (pre-infection), 7,
and 14 days post-infection (Set C), a hepatic infection cohort with samples collected at week 3, 15,

20 and 23 post-infection (Set D), and age-matched non-infected animals for each of the timepoints.

From this analysis, the expression levels of both oar-miR-323a-3p and the/oar-miR-124-3p was
almost identical in the sera from non-infected and infected sheep over the course of infection (Figure
2.9A, B), suggesting that these miRNAs cannot be used as indicators of fasciolosis. It is possible that
this discrepancy between this RT-qPCR analysis and the sequencing data reflects the difference in
sample preparation, with the sequencing performed on a pooled sample of sera from a cohort of six
sheep. The variability in the expression of miRNAs across sheep samples is evident when sera from
individual sheep was assessed by RT-qPCR, which in a pooled sample would create an incorrect
representation of expression levels within individual samples. Furthermore, through the inclusion of
age-matched non-infected sheep, it is apparent that the expression of miRNAs can change over time,
irrespective of whether the animal is infected (Figure 2.9). As the sample collection that was
originally sequenced lacked a full panel of age-matched controls, this alteration in expression was not
fully captured, and the apparent differential abundance of miRNAs associated with infection within

the sequencing data, may have simply been a variation due to age.
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Figure 2.9. RT-qPCR assessment of sera samples invalidates the diagnostic potential of oar-miR-
323a-3p and fhe-miR-124-3p. The expression of (4) oar-miR-323a-3p, (B) fhe-miR-124-3p were
determined by RT-qPCR and are presented as the starting quantity of genetic material prior to
amplification (N0O) as determined by LinRegPCR (v.11). This is calculated in the unit of the Y-axis of
the PCR amplification plot, which are arbitrary fluorescence units. The data is presented as the mean
+ SEM (n = 3-14, as shown in Table 1). The statistical significance of differences between infected

and non-infected samples was determined using Welch's t-test (two-tailed).
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Consistent with the sequencing data, the RT-qPCR analysis revealed that the expression of both oar-
miR-133-5p and oar-miR-3957-5p was elevated in the sera of infected animals compared to age-
matched non-infected animals (Figure 2.10A, C). Furthermore, as these were longitudinal studies, the
miRNA expression level in individual sheep in the pre-hepatic infection cohort could be tracked over
time. As such, the fold change at 7 and 14 days compared to day 0 for each animal was examined.
This approach revealed that the expression levels of both oar-miR-133-5p and oar-miR-3957-5p were
significantly elevated in the infected animals at day 7 and 14 from day 0, but not in the non-infected
animals (Figure 2.10B, D). Early elevation in the levels of these two miRNAs was consistent with
the sequencing data, whereby an upregulation in miRNA expression was seen from 2 dpi (Figure 2.3).
The sera samples representing the hepatic stage of infection were harvested from a separate infection

cohort to the earlier time points, so could not be tracked in individual sheep from day 0.

Nonetheless, corroborating the sequencing data, the level of expression of oar-miR-133-5p in the sera
of infected animals, other than a single peak at 20 wpi, was reduced as infection progressed, as
compared to the earlier time points (Figure 2.10A). In addition, validating the sequencing data, the
increase in oar-miR-3957-5p in sera from infected sheep was generally sustained throughout the
entire observation period, with a lower expression level compared to the pre-hepatic phase of

infection (Figure 2.10C).

In conclusion, these data indicate that both oar-miR-133-5p and oar-miR-3957-5p are potential
biomarkers of early, pre-hepatic infection. In addition, the difference in expression of oar-miR-3957-
5p between infected and non-infected sheep over the entire observation period suggests that this may
represent an unchanging marker of infection, which, in the absence of an increase in oar-miR-133-

5p, would indicate late stage/hepatic phase of infection.
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Figure 2.10. RT-qPCR demonstrates the differential expression of oar-miR-133-5p and oar-miR-
3957-5p in sera from infected sheep as compared to uninfected animals. Quantification of (A) oar-
miR-133-5p and (C) oar-miR-3957-5p in the sera of individual sheep in response to infection was
determined by RT-qPCR and is represented as the starting quantity of genetic material prior to
amplification (N0O) as determined by LinRegPCR (v.11). This is calculated in the unit of the Y-axis of
the PCR amplification plot, which are arbitrary fluorescence units. The data is presented as the mean
+ SEM (n = 3-14; as shown in Table 1). (B) Fold change of oar-miR-133-5p and (D) oar-miR-3957
expression at 7 or 14 dpi in comparison to 0 dpi in the sera of individual sheep in the pre-hepatic
cohort. The data is presented as the mean £ SEM (n = 3 non-infected; 9 infected sheep for which data
was available at all three timepoints). In all cases the statistical significance of differences between

sera from infected versus uninfected sheep was determined using Welch's t-test (two-tailed).
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2.4. Discussion

The severe impact of fasciolosis on animal welfare and the significant economic cost it imposes on
the livestock industry highlights the need for a reliable and robust biomarker that can effectively guide
anthelmintic treatment and facilitate the management and control of liver fluke on farms [210]. The
development of an accurate diagnostic method for acute infection is of paramount importance since
such a tool would enable timely intervention to prevent liver flukes from inflicting liver pathology,
which would mitigate the risk of sudden fatalities associated with a high liver fluke burden (in
approximately 10 % of infected sheep) and disrupt the liver fluke lifecycle by preventing the parasite
from reaching the bile duct to lay eggs, which in turn, would curb the spread of the infection within

grazing pastures

Given this need, exploiting the differential abundance of circulating miRNAs as a biomarker of
infection represents an attractive diagnostic tool. Circulating miRNAs exhibit exceptional stability,
rendering them a highly suitable choice for diagnostic purposes, particularly in the setting of a farm
where controlling sample collection and storage can be challenging. For this reason, miRNAs have
gained significant attention for their diagnostic potential in a range of pathogenic infections, and due
to their immediate alteration in expression in response to infection they are appropriate markers for

the detection of early infections [226].

In this study, the utility of miRNAs in detecting both pre-hepatic and hepatic fasciolosis was assessed
in sera samples collected from sheep with experimental subclinical disease. The results provide the
first evidence that unique miRNA expression signatures in ruminant sera are associated with the
distinct pathological stages of fasciolosis. The data supports the hypothesis that differentially
expressed miRNAs can serve as prognostic markers for fasciolosis and, moreover, demonstrates that
unique miRNA expression patterns emerged as early as 2 days post-infection. Therefore, miRNAs
could offer superior sensitivity in fasciolosis diagnosis compared to conventional, commercial

methods, such as FEC and serological ELISAs.

The analysis of sera samples from age-matched infected and non-infected sheep in the RT-qPCR
validation demonstrated the paramount importance of incorporating age-matched samples in any
screening protocol aimed at characterising miRNAs as diagnostic biomarkers. As demonstrated in
this study, the differential expression of miRNAs quantified using RT-qPCR exhibited significant
age-related variability. Specifically, the expression of oar-miR-323a-3p, which we initially described

as a potential biomarker from sequencing data (without appropriate age-matched samples), was
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subsequently discovered using RT-qPCR to vary significantly over time in non-infected sheep, with

relatively higher expression as the animals aged.

Despite encountering challenges with variations in miRNA expression levels due to age, using a
longitudinal approach of assessing miRNA expression in individual animals over time successfully
addressed these issues. The findings presented here indicate that the expression of certain miRNAs
in sheep increased in response to infection, irrespective of the animal's age. Given this observation,
it would be recommended that for any miRNA-based diagnostics studies, it may be necessary to
collect serum samples from animals on their initial exposure to pasture to set a benchmark for each
animal's miRNA expression. Future serum samples can then be compared to this baseline to
accurately assess the onset and progress of infection. This approach could also be effectively adapted
to sentinel screening practices for monitoring liver fluke prevalence over a grazing season, as has

been employed with serological tests [240].

While the potential of using host miRNA detection to support the diagnosis of fasciolosis has been
established in this study, further evaluation is required to ensure specificity. The observed changes in
circulating host miRNAs during infection may reflect host-driven biological processes, such as
inflammatory responses, and tissue repair or remodelling in response to parasite-induced damage,
rather than parasite-specific effects alone. For example, circulating oar-miR-3957-5p has been
reported to be elevated in high stress responding female sheep when challenged with bacterial LPS
[241, 242] suggesting that this miRNA could be upregulated in response to other broad infections.
Furthermore, the sheep assessed in the current study were all male; the possibility that any differential
expression in miRNAs is sex-related would need to be considered. In addition, miR-133-5p was
reportedly upregulated in early bacterial infection in a marine lancelet species (Branchiostoma
belcheri) [243], and in the plasma of chronic obstructive pulmonary disease patients, and tumour cells
of various cancers, including gastric and colon cancer [244, 245]. Hence, while oar-miR-133-5p and
oar-miR-3957 show promise as candidate diagnostic biomarkers for fasciolosis, their specificity to F.

hepatica infection must be further explored.

To address the issue of specificity in another way, the results of differential expression of host
miRNAs could be amalgamated with the detection of liver fluke miRNAs. Liver fluke miRNAs are
likely deliberately secreted by the parasite to manipulate the host's immune response or are passively
released from dying parasites. While several helminth studies have demonstrated the presence of
parasite-derived miRNAs in host circulation [228, 229, 246], this is the first study to demonstrate the

presence of F. hepatica-derived miRNAs in infected host circulation (importantly that of a ruminant).
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Furthermore, the temporal expression of the liver fluke-derived miRNAs correlated with their
expression pattern that was previously reported over the course of the intra-mammalian stages of
development [231]. For instance, the-miR-124-3p and the-miR-71a-5p, both of which were found to
be most abundant in NEJ, were detected in sheep sera at the pre-hepatic stage of infection. On the
other hand, the-miR750-3p and the-Novel-102-3p, both most highly expressed by adult worms, were
detected at the hepatic stage of infection. Notwithstanding that many parasite-derived miRNAs are
present at very low copy numbers; it remains to be determined whether they could be amplified to

detectable levels of RT-qPCR.

The analysis here also revealed that several helminth miRNAs detectable in sera, are highly conserved
and, therefore, have sequences that are nearly identical to their mammalian hosts. In this study, F.
hepatica-derived miRNAs in sheep sera were detected using a rigorous filtering process in the
analysis of sequencing reads; only reads that did not align with the sheep mature miRNAs from
miRBase were aligned to F. hepatica miRNAs, allowing zero mismatches, to eliminate any false
identification of sheep miRNAs as parasite miRNAs. Furthermore, the presence of the parasite-
miRNAs in sera samples from infected sheep but not in the non-infected samples provided confidence
that these miRNAs exclusively originated from the parasite. However, further investigation revealed
that two of the identified liver fluke miRNAs, namely the-miR-124-3p and the-Novel-11-5p, were
present as trimmed isomiRs in the sheep sera, that were also conserved with sheep sequences. While
previous studies have reported the presence of helminth-derived miRNAs in host circulation [228,
229, 246], the existence of such sequence variants has not yet been documented. This unique
discovery raises important new considerations regarding the interpretation of sequencing data for the

discovery of helminth (or pathogen)-derived miRNAs such as miR-124-3p.

In summary, the study presented in this chapter has characterised the differential abundance of
parasite and host serum miRNAs during infection with F. hepatica in a ruminant host. Two miRNA
with diagnostic biomarker potential for fasciolosis were identified following a stringent selection
process. Lowering the threshold of selection from sequencing data to a 2-fold change in expression
could reveal additional miRNA targets and provide an opportunity to expand the available candidate
miRNA biomarker panel. The data presented here has established the suitability of developing the
measurement of sheep miRNA expression into a diagnostic tool for fasciolosis, potentially through a
PCR blood test. Achieving this potential will require extensive field studies to determine the precise
sensitivity and specificity of this method. While our current findings are based on controlled
experimental infections of sheep, the ultimate goal will be to test the effectiveness of these potential

miRNA biomarkers in naturally infected animals. Such real-world conditions present a more complex
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scenario for diagnosis due to varying worm burdens, infection dynamics, overlapping temporal
infections, and the potential for co-infections (liver fluke and other pathogens). Accordingly, further
validation in independent cohorts of naturally infected animals will be necessary to define diagnostic
performance using receiver operating characteristic (ROC) analysis and to assess possible
cross-reactivity with other infections. Ultimately, successful field validation of these miRNA
diagnostic biomarker candidates in the field could lead to their use in point-of-care technologies at
the farming level. This would be particularly beneficial in environments where access to technical
expertise and resources is limited, offering a practical and user-friendly method for detecting

fasciolosis in the field.
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Chapter 3:

Comparing the functional activity of F hepatica-
derived canonical and isomiR miRNAs in the
regulation of macrophage inflammatory

responses
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3.1. Introduction

To date, bioinformatic pipelines for the identification of miRNAs within sequencing data sets have
typically assumed that individual miRNAs exist as a single defined sequence. However, recent
advances in RNA sequencing have revealed that miRNAs can also exist as families of sequence
variants (termed isomiRs), derived from a single miRNA locus [247-249]. Initially disregarded as
sequencing artifacts, these isomiRs have since been validated through studies employing synthetic
miRNA spike-in controls, which demonstrated that the observed isomiR diversity far exceeded the
expected sequencing error rate, confirming that these variants are genuine biological products rather
than sequencing noise. This diversity arises primarily from heterogenous cleavage of the primary or
precursor miRNA transcript by the RNase III enzymes Drosha and Dicer, resulting in 5" and 3" end
length variants with additional or missing templated nucleotides [247, 250-253]. Beyond these
biogenesis-dependent variations, isomiRs are further diversified through post-transcriptional
modifications, such as, addition of non-templated nucleotide i.e., nucleotides not encoded in the
original transcript, by nucleotidyl transferases [254, 255], and trimming of nucleotides by

exoribonucleases [256, 257].

Like their canonical miRNAs, isomiRs display expression patterns that vary according to tissue type,
sex, ethnicity, and disease state [147, 258-264]. Therefore, rather than being random by-products of
biogenesis, the generation of isomiRs appears to be a tightly regulated process that expands the
complexity and specificity of miRNA-mediated gene regulation [248, 265-267]. The 5’ isomiRs have
garnered particular interest because alterations at the 5’ end can modify the seed region, leading to
redirected target specificity and consequently distinct or even opposite biological effects [268, 269].
However, 3’ isomiRs are the most prevalent type and have also been shown to have diversified gene
targets compared to their canonical counterpart [250, 251, 255, 265, 270]. Besides influencing target
specificity, 3’ isomiRs can also exhibit altered stability, subcellular localization, target binding
affinity, and interactions with RNA-binding proteins, all of which may affect their regulatory
efficiency and biological outcomes [271-273].

The discovery that fhe-miR-124-3p and fthe-Novel-11-5p were present as trimmed isomiRs in the sera
of sheep infected with F. hepatica (Chapter 2), advocated for a re-investigation of the parasite miRNA
sequences to determine the full extent of sequence variants expressed by the parasite. This analysis
revealed that isomiRs are the most dominant miRNA form in NEJs, whereas a transition to canonical
miRNAs occurs as the parasite matures [274]. Such a temporal variation indicates that isomiRs are
critical for the NEJ life stage. Sequence analysis suggested that the generation of these isomiRs were

predominantly mediated by Dicer cleavage and that the cleavage motifs in F. hepatica primary
73



miRNAs were more similar to the motifs found in mammalian cells than in the free-living nematode
C. elegans [274]. These additional observations imply an adaptation of the miRNA sequences to
function in the mammalian biogenesis machinery, and further suggests that the predominance of
isomiRs in the NEJs, may reflect the host-parasite interactions that occur as the NEJs migrate from
the intestine, through the peritoneal cavity, and into the liver, and in particular the ability of the
parasite to modulate the activity of host immune cells at this time. Understanding the roles of isomiRs
in parasitic worms is therefore important to provide new insights into parasite biology and to identify

potential targets for controlling parasitic infections.

We have previously reported that peritoneal macrophages from mice infected with F. hepatica
contain 25 parasite-derived miRNAs [63]. Of these, fhe-miR-125b, was the most abundant and was
found to be loaded onto host Ago2 with functional activity that mimicked the host miR-125b resulting
in the suppression of IL6 and TNF secretion from macrophages in response to inflammatory ligands
[63]. However, the bioinformatic pipeline used in that study relied on simple counts of sequences that
aligned exactly to the reference F. hepatica miRNAs, without further analysis of sequence or length
variation, hence, overlooking the isomiR population. Understanding that isomiRs may potentially
provide a greater breadth for the regulation of gene expression, it is important to now determine
whether the increased expression of isomiRs by the NEJs is related to the immune regulation of

macrophages that had been observed during the initial stages of infection.
Therefore, the aim of this study was to re-examine the sequences from the peritoneal macrophages of

mice infected with F. hepatica for the presence of both canonical and isomiR sequences and to

examine the functional role of these miRNAs in the modulation of macrophage activity.
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3.2. Methods:

3.2.1. Sequencing Data and Bioinformatic Analysis

3.2.1.1. Peritoneal macrophages

Sequencing data of peritoneal macrophages from F. hepatica infected mice were available from our
previous study (NCBI Gene Expression Omnibus Accession: GSE263895) [56]. The macrophages
had been isolated from 6-7-week-old female BALB/c mice orally infected with 20 metacercariae of
F. hepatica. Specifically, cells were harvested at 6 hours (h), 18 h, and 5 days post-infection, and
from a cohort of uninfected mice (n = 25/timepoint). Peritoneal macrophages from five mice at each
timepoint were pooled for RNA isolation, giving a total of five replicates for each time point. The
sequencing library preparation was performed using the QIAseq prep for miRNAseq (75 M reads/
sample) and sequenced using Illumina NovaSeq 6000 platform (Ramaciotti Centre for Genomics,

UNSW, Australia).

3.2.1.2. Fasciola hepatica intra-mammalian life stages

Sequencing data from the three distinct intra-mammalian life stages of F. hepatica: newly excysted
juveniles (NEJ), juvenile and adults were available from our previous study [231]. Briefly, the NEJs
(n = 1000/replicate) were obtained by excysting the metacercariae in vitro followed by culturing of
the parasite for 24 h in media. Juvenile worms (n = 19/replicate) were isolated from the liver of in
vivo infected BALB/c mice at 21 days post infection, and adult worms (n = 1/replicate) were isolated
from infected sheep liver. Small RNA libraries were then generated (n = 3 biological replicates per
life stage) using the Small RNA Library Prep Set for Illumina (Arraystar) and sequenced on the
[Mlumina NextSeq 500 platform (Arraystar).

3.2.1.3. Fasciola hepatica isomiR profiling

The quality of the sequencing raw data (in Fastq format) was assessed using FastQC v0.11.9 [234].
Adapter sequences were excised, and reads with a Phred score below 20 were removed using
CutAdapt [275]. Additionally, for miRNA detection, reads with lengths less than 18 nt or greater than
26 nt were discarded. Sequence alignment was performed using Bowtie2 [236]. For the murine
macrophages, miRNA sequences were first aligned against mature mouse miRNA sequences
retrieved from miRbase (Release 22.2), allowing for zero mismatches within the sequence. To
identify the presence of worm-derived miRNA in the murine macrophages, the unaligned reads were
subsequently aligned to known annotated F. hepatica miRNAs, also permitting no sequence
mismatches. For the worm life stages, the sequencing data was directly aligned to the Fasciola
miRNAs using Bowtie2. The read counts of the miRNAs and their respective sequences were then

extracted for isomiR profiling using SamTools [275]. Each unique sequence or length variant was
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treated as an individual isomiR and the quantity of the isomiRs was expressed as % of the total read

count for specific miRNAs.

3.2.1.4. Target prediction and gene enrichment analysis
Target prediction of the canonical the-miR-125b-5p and its 3’ trimmed 21 nt isomiR was performed

using miRanda [276] on miRNAconsTarget (https://arn.ugr.es/srnatoolbox/amirconstarget/), filtering

for a free energy score (FE) of < -20 kcal/mol. Gene enrichment analysis was performed using

g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) [277] on targets only found in the isomiR target list

compared to the canonical fhe-miR-125b target list. GO terms for biological processes with P value

adjusted to < 0.05 were used to graph a semantic similarity plot using Revigo (http://revigo.irb.hr)

[278] (using default settings and the resulting list size as small (0.5)).

3.2.2. Isolation of bone marrow derived macrophages (BMDM)

Bone marrow was collected from the femurs and tibias of 6-7-week-old BALB/c mice. The marrow
was dissociated into RPMI 1640 Medium (Gibco) containing 10% v/v heat-inactivated Fetal Bovine
Serum (FBS; Gibco) by repeated aspiration through a 19-gauge needle. The resulting cell suspension
was centrifuged at 300 x g for 5 minutes, and the cell pellet resuspended in RPMI 1640 Medium
(Gibco) supplemented with 10% v/v heat-inactivated FBS, 0.005% v/v 2-mercaptoethanol (Sigma-
Aldrich) and 5% v/v penicillin/streptavidin (Life Technology). To promote monocyte differentiation
into macrophages, the culture medium was supplemented with 50 ng/mL recombinant macrophage
colony-stimulating factor (m-CSF; Miltenyi Biotec) on days 1 and 3, and the cultures were maintained
at 37 °C with 5% CO.. On day 6, differentiated BMDMs were harvested and used for experiments as
described in the figure legends. Ethics approval for these studies was granted by the UTS Animal
Care and Ethics Committee (Approval Number: ETH20-4709). All experiments were conducted in
accordance with the approved guidelines and in compliance with The Australian Code for the Care

and Use of Animals for Scientific Purposes.

3.2.3. In vitro macrophage transfection and LPS stimulation
BMDMs (2 x 106 cells seeded overnight) were transfected with synthetic mirVana miRNA mimics
(20 nM; Ambion) of fhe-miR-125b-5p canonical and its 3’ trimmed isomiR (Table 3.1) using

Lipofectamine RNAIMAX according to the manufacturer’s protocol (Invitrogen).

Cells treated with Lipofectamine RNAIMAX alone were used as vehicle controls, and wells
transfected with mmu-miR-23a-3p (Assay ID: MC10644; Thermo Fisher Scientific) served as mimic

controls. After transfection, the cells were maintained at 37 °C and 5% CO: for 24 hours. Cells were
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then washed with sterile saline and subsequently stimulated with E. coli lipopolysaccharide (LPS;
20ng/mL; 011:B4 strain) to induce an M1 type pro-inflammatory response. Culture supernatants were
collected at 6 h and 16 h post-LPS and stored at -20 °C prior to analysis of cytokine secretion. The
cells were washed with saline and collected in 500 pL. RNAzol RT and stored at -80 °C prior to RNA

i1solation.

Table 3.1. Sequences of mature fhe-miR-125b-5p canonical and isomiR mimics

Sequence type Abbreviation Sequence Sequence length (nt)
Canonical Can CCCCTGAGACTGATAATTGCTC | 22
isomiR Iso CCCCTGAGACTGATAATTGCT | 21

3.2.4. Cytotoxicity assay

To assess the viability of macrophages, the release of lactate dehydrogenase (LDH) activity was
measured in cell supernatants using the CytoTox LDH Release Kit (Promega) following the
manufacturer’s instructions. Vehicle-control cells treated with lysis buffer to achieve 100%
cytotoxicity served as the “maximum LDH release controls”. The LDH release in the experimental

samples was expressed as a percentage of the maximum LDH release control.

3.2.5. Cytokine assay

The levels of IL6 and TNF secreted by transfected BMDMs in response to subsequent LPS
stimulation were quantified in the cell culture supernatant using ELISA kits, according to the
manufacturer's instructions (Catalogue # 555240 and 558534; BD Biosciences). Absorbance at 450
nm was quantified using a Tecan plate reader, and background absorbance at 520nm was subtracted.

Cytokine concentrations were then calculated by extrapolating from a standard curve.

3.2.6. RNA extraction

RNA extraction was performed using RNAzol RT, according to the manufacturer’s instructions.
Briefly, BMDMs were homogenised in 500 uL. of RNAzol RT and ultrapure DNAse/RNase free
distilled water (400 pL; dH20; Life Technologies) was added to the resulting homogenate. This
combined solution was centrifuged at 12,000 x g for 15 min at 4 °C, to pellet DNA, proteins, and
polysaccharides. The resulting supernatant containing soluble RNA was collected and combined with
4-bromoanisole (BAN; Sigma-Aldrich, USA) at 0.5% v/v and then centrifuged at 12,000 x g for 10
min at 4 °C to pellet residual DNA, proteins, and polysaccharides. To precipitate RNA, the resulting
supernatant was collected and combined with equal volume of isopropanol (Sigma-Aldrich) and 5 pLL

glycogen (5 mg/mL; Life Technologies), and incubated overnight at — 20 °C. The RNA precipitate
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was pelleted by centrifugation at 12,000 X g for 15 min at 4 °C, washed with 500 pL of 75% ethanol
(Sigma-Aldrich) twice and re-solubilised in dH>O. The quality and quantity of isolated RNA was
determined using the NanoDrop One Microvolume UV-Vis spectrophotometer (Thermo Fisher

Scientific).

3.2.7. Detection of fhe-miR-125b mimic in transfected cells

The levels of the-miR-125b-5p Canonical and IsomiR mimics in transfected cells were quantified
using RT-qPCR. Custom TagMan small RNA assays were designed for the specific detection of
canonical and isomiR sequences using the Thermo Fisher Small RNA Assay Design Tool

(https://www.thermofisher.com/order/custom-genomic-products/tools/small-rna/). ~ Total = RNA

isolated from the transfected macrophages (25 ng) was reverse-transcribed into cDNA using the
TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems) with the TagMan stem-loop
reverse transcription primer for either the canonical miRNA or the isomiR. The resulting cDNA was
diluted 1:4.5 ultrapure distilled water (Thermo Fisher Scientific). For gPCR, 4.5 pL of diluted cDNA,
5 uL of TagMan Fast Advanced Master Mix (Applied Biosystems), and 0.5 pL of the custom TagMan
primer-probe mix (specific to the mimic variants) were combined in a total reaction volume of 10 pL.
All reactions were prepared in technical triplicates on a MicroAmp optical 96-well reaction plate
(Life Technologies), and qPCR was conducted on a QuantStudio 6 Flex Real-Time PCR System (Life
Technologies). To determine whether the transfection levels of the mimics were comparable, Cq
values obtained for the canonical miRNA in canonical mimic transfected cells were compared to

those of the isomiR miRNA in isomiR transfected cells.

3.2.8. Quantification of expression level of macrophage endogenous genes

Alterations to the level of several genes associated with the macrophage inflammatory response were
measured in cells that were transfected and treated with bacterial LPS. Total RNA (100 ng) from
macrophages was subjected to cDNA synthesis using the High-Capacity ¢cDNA Reverse
Transcription Kit (Cat. No. 4374967, Applied Biosystems). The resulting cDNA was then diluted
1:4.5 in ultrapure distilled water (Thermo Fisher Scientific), and 4.5 pL of this was used for gPCR
with TagMan Fast Advanced Mastermix (Applied Biosystems) and TagMan primers specific for each
gene (Table 3.2). Samples were prepared in technical triplicates on a MicroAmp optical 96-well
reaction plate (Life Technologies) and qPCR was performed on a QuantStudio 6 flex real- time PCR
system (Life Technologies). The starting concentration of the samples, presented as NO value, was
calculated from the qPCR amplification raw data using LinRegPCR software v11 [238]. Data were

presented as the fold change in NO relative to the vehicle only treated samples.
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Table 3.2. Gene names and corresponding TaqMan gene expression assay IDs for gPCR

Gene name TaqMan ID
Signal transducer and activator of transcription 3 (Stat3) MmO01219775 ml
Hypoxia-inducible factor 1-alpha (Hifla) Mm00468869 ml
Runt-related transcription factor 1 (Runx1) Mm01213404 ml
Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin/) Mm03053328 sl
Interleukin 17 receptor D (/117rd) Mm00460340 ml
Nucleotide-binding oligomerization domain-containing protein 1 (Nodl) | Mm00805062 m1
P2X purinoceptor 7 (P2rx7) MmO01199500_ml1

3.2.9. Luciferase Assay

To validate the prediction of gene target specificity for the-miR-125b-5p we performed a Luciferase
assay. The predicted binding sites for four murine genes (Stat3, Hifla, Pinl and RunxlI), along with
50-100 nucleotides of flanking sequences at both the 5’ and 3’ ends, were synthesized (Table 3.3) and
cloned into the PsiCheck-2 vector (Promega) by GenScript Biotech (Singapore). For Hifla and Stat3,
a single binding site was included, while three binding sites were incorporated for Pin/ and two for
Runx1. To validate the luciferase assay, psiCheck-2 vector harbouring Pdcd4 binding site for mmu-
miR-21-5p (Thermo Fisher Scientific), obtained from a previously published study [279], was
employed as a positive control. The resulting plasmids were transformed into Max Efficiency DH5a
E. coli cells (Invitrogen, Cat. No. 18258-012) according to the manufacturer’s instructions. Briefly,
50 uL of competent E. coli cells were thawed on ice and mixed with 10 ng of the plasmid DNA. The
cells and plasmid were incubated on ice for 30 minutes, followed by heat shock at 42 °C for 30
seconds. After incubation on ice for 2 minutes, the cells were resuspended in 900 puL of Super Optimal
broth with Catabolite repression (SOCs) medium (Thermo Fisher Scientific) and incubated at 37 °C
for 1 h with shaking at 225 rpm. The transformed cells were then plated on LB agar plates containing
ampicillin (100 pg/mL) and incubated overnight at 37 °C. Individual colonies were picked the
following day and cultured in 3 mL of LB broth with ampicillin for plasmid amplification at 37 °C,
shaking at 220 rpm overnight. Plasmids were purified using the GeneJet Plasmid Miniprep Kit

(Thermo Fisher Scientific) following the manufacturer's instructions.

HEK293 cells were seeded at a density of 4 x 10* cells per well in a 24-well plate in Dulbecco's
Modified Eagle Medium (Gibco) supplemented with 10% v/v heat-inactivated FBS (Gibco). Cells
were incubated for three days to reach 60-70% confluency. Transfection was carried out using
Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. Each

well was co-transfected with 75 ng of PsiCheck-2 plasmid containing the gene target sites (as detailed
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in Table 3) in combination with 20 pmol of fhe-miR-125b-5p Canonical or IsomiR mimic, or mmu-
miR-23a-3p as a mimic control. Plasmid-only transfected cells and non-transfected cells were

included as negative controls.

The Dual-Luciferase Reporter Assay System (Promega, Australia) was employed to measure gene
target site expression, following the manufacturer’s protocol. After 24 hours, cells were lysed using
Passive Lysis Buffer, and Firefly and Renilla luciferase activities were quantified on the Tecan Plate
Reader M200 (Tecan, Switzerland) in luminescence mode, with an integration time of 5000, a settle
time of 500 and no attenuation. The luciferase activity was calculated as the ratio of Renilla to Firefly

luminescence (Van Etten et al., 2013).
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Table 3.3. Cloned 3’ UTR regions of predicted fhe-miR-125b-5p target genes in psi-Check-2 vector for luciferase reporter assays.

Gene Transcript ID (ENST) *Target start *Target sequence Start Total
name position position of | cloned 3'
cloned 3' UTR
UTR (bp)
Stat3 ENSMUST00000127638.8 1590 GGGGCTGGTGTTGTACCTCAGGGGC 1490 225
Hifla ENSMUST00000021530.8 1582 CAAGAGTTTTCCGCGCTCTCAGGGA 1482 225
Pinl ENSMUST00000034689.8 182 AGGGCAGTGGGGATGGGGAGGCCCCCAGGCTCAGGGGG 132 382
340 CAGCAACTCAGCCTCAGGGT
443 TGAGGTGTGGGGCCCTTGTCTCAGGGA
Runx1 ENSMUST00000023673.14 2279 AGGCAGTATTTAGTCTCAGA 2229 864
3022 AGGGACATTCGGTCTTAGGGA

*Predicted target start position and target sequence for canonical the-miR-125b-5p is show
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3.2.10. Ago2 pulldown assay

3.2.10.1. Ago2 immunoprecipitation

Mouse macrophages (RAW264.7 cell line) were seeded at 9 x 10° cells per well of a 6 well plate.
Cells were cultured in RPMI 1640 Medium (Gibco) supplemented with 10% heat-inactivated FBS
(Gibco) and maintained at 37 °C with 5% CO..The following day cells were transfected with fhe-
miR-125b canonical and isomiR mimics as described in Section 3.2.3. After 24 h, Ago2-bound
miRNAs within the macrophages were isolated using the MagCapture™ microRNA Isolation Kit,
Mouse Ago2 (Cat # 297-74201, FUJIFILM Wako Pure Chemical Corporation), according to the
manufacturer’s instructions. To ensure the recommended number of cells for the Ago2 pulldown
assay, samples from five wells were pooled together to create one sample. In total, three of these
replicates per mimic were prepared. Cells were lysed in the provided lysis buffer, and endogenous

Ago2 complexes were immunoprecipitated using anti-mouse Ago2 antibody-coated magnetic beads.

3.2.10.2. Quantification of Ago-bound miRNAs

RNA bound to Ago2 was eluted from the Ago2 immunoprecipitated beads using Elution Solution II
in the one-step elution method. The concentration of eluted miRNAs was quantified using the Qubit™
microRNA Assay Kit (Thermo Fisher Scientific). For each sample, 4 ng of miRNA was subjected to
cDNA synthesis with sequence-specific stem-loop RT primers for the Canonical and IsomiR fhe-
miR-125 as described in Section 3.2.7 above. Primers to amplify endogenous mouse miR-21(TagMan
Assay ID: 00397), were included in each reaction as an internal control for miRNA loading, and
qPCR was performed as described in Section 3.2.7. The relative enrichment of each miRNA variant
in the Ago2-bound fraction was calculated using the comparative Cq (**Cq) method and normalized

to miR-21 levels.

3.2.10.2. Western blot confirmation of Ago2 in immunoprecipitated fractions

Following RNA elution, beads were resuspended in 40 pL PBS and stored at —20 °C. For protein
elution, 13 pL beads from each of three replicate samples were pooled (39 pL total) in PBS, vacuum
concentrated to 14 pL and then mixed with 1 uL 1 M DTT and 4 pL 4% LDS sample buffer (Bolt,
Invitrogen). Samples were heated at 80 °C for 3 min, vortexed, centrifuged, and the supernatant

collected.

Proteins were separated on 4-12% Bis-Tris gels (Invitrogen) using MES SDS running buffer
(Invitrogen) at 200 V for 35 min. Novex Sharp pre-stained protein ladder (Invitrogen) was included
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for size estimation. Proteins were transferred to a 0.2 pm nitrocellulose membrane (Bio-Rad) using

the Trans-Blot Turbo system (Bio-Rad) with the manufacturer’s mini-gel program.

Membranes were blocked overnight at 4 °C with 1% BSA in PBS and incubated for 2 h at room
temperature with anti-mouse Ago2 monoclonal antibody (FUJIFILM Wako Pure Chemical
Corporation, 014-22023) 1:500 in 1% BSA in 1x PBS. After three washes in PBST (1x PBS + 0.1%
Tween-20), membranes were incubated for 1 h at room temperature with HRP-conjugated anti-mouse
IgG secondary antibody (Sigma, A4416) 1:5000 in 1% BSA/PBS. Following four PBST washes and
a final PBS rinse, proteins were detected using SuperSignal West Dura chemiluminescent substrate

(Thermo Fisher Scientific) according to the manufacturer’s instructions.

3.2.11. Statistical analysis
Results were analysed using Graphpad Prism software (version 8). Comparisons between treatment
groups were made using one-way ANOVA unless mentioned otherwise. Differences were considered

significant when p < 0.05.
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3.3. Results

3.3.1. Peritoneal macrophages of Fasciola hepatica infected mice are enriched with parasite-
derived miRNAs with peak abundance at 18 hours post infection

To identify parasite-derived miRNAs in peritoneal macrophages of Fasciola hepatica infected mice,
small RNA sequencing was performed, yielding an average of 21 million reads per sample. Of these,
approximately 61% aligned to known mouse miRNAs, while the remaining unaligned reads (~39%)
were mapped to the F. hepatica miRNA reference library using a no-mismatch alignment criterion.
Across the three infection time points (6 h, 18 h, and 5 days post-infection), an average of 27 reads
(0.0003% of the unaligned reads) aligned to the F. hepatica reference library and revealed a total of
29 F. hepatica-specific miRNAs present in macrophages from infected mice (Table 3.4). Of these,
28 were absent in macrophages from uninfected mice (0 h) supporting their parasitic origin. One
miRNA, the-Novel-11-5p, was unexpectedly detected in the uninfected group (Table 3.4). However,
as this sequence perfectly aligned with the mouse genome, its origin could not be confidently
attributed to the parasite (Chapter 2; Section 2.3.3), and it was therefore excluded from further

analysis.

Among the 28 parasite-specific miRNAs, 8 were detected at 6 hours, 22 at 18 hours, and 3 at 5 days
post-infection (Table 3.4). This temporal pattern aligns with our previous study, which profiled
miRNA expression at 6 h, 12 h, 24 h, 3 days, and 5 days post-infection, and reported peak levels at
12 hours [63]. However, the inclusion of the 18 h time point in the present study was primarily
responsible for revealing a broader repertoire of parasite-derived miRNAs (28 versus 10 in the
previous study). The peak abundance of the worm miRNAs at 18 hours (Table 3.4), coincides with
the parasite’s active migration through the peritoneal cavity. By day 5, the flukes have penetrated the
liver capsule, likely reducing their interaction with peritoneal macrophages as evidenced in the

reduced detection of miRNAs at this time point.

Notably, six of the F. hepatica-derived miRNAs shared identical seed sequences with mouse
orthologues, suggesting the potential for functional mimicry of host miRNAs in macrophages. While
most were conserved across other helminth species, six were unique to F. hepatica (Table 3.4),
indicating that both conserved and species-specific miRNAs may contribute to host gene regulation.
Moreover, 25 of these miRNAs, including the most abundant, have been previously detected in F.
hepatica extracellular vesicles (EVs) [78, 152], supporting the concept that EVs act as the main

delivery route for parasite miRNAs into host immune cells.
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Members of the miR-125 family, highly conserved across mammals and helminths, were the most
abundant worm-derived miRNAs in host macrophages, with the-miR-125a-5p and the-miR-125b-5p
together representing 27% of all exogenous miRNA reads (Table 3.4). At 18 h post-infection, the-
miR-125a reached the highest abundance, whereas our earlier study found the-miR-125b to be most
abundant at 12 h post-infection. Their consistently high expression underscores F. hepatica’s
exploitation of this conserved miRNA family to modulate the host innate immune response,
consistent with our prior finding that the-miR-125b can mimic host miR-125b in suppressing pro-

inflammatory response to LPS in macrophages.
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Table 3.4. F. hepatica-derived miRNAs were enriched in the peritoneal macrophages of
infected mice.

Identical seed
Oh 6h 18 h | Day5 | Total | Present sequence in mouse
miRNA/count (n=5) m=5) | (n=4) | (n=5) | count | inEV" miRNA
the-Novel-11-5p *14-34 13-32 5-24 5-30 370 Yes No
the-miR-125a-5p 0-0 0-0 3-7 0-0 20 Yes Yes
the-miR-71a-5p 0-0 0-3 0-5 0-1 14 Yes No
the-miR-125b-5p 0-0 0-1 1-6 0-0 11 Yes Yes
the-miR-277b-3p 0-0 0-2 0-7 0-0 11 Yes No
the-miR-71c¢-5p 0-0 0-0 0-2 0-0 5 Yes No
the-miR-96-5p 0-0 0-0 0-5 0-0 5 Yes Yes
the-miR-281-3p 0-0 0-0 0-4 0-0 5 Yes No
the-miR-2162-3p 0-0 0-0 0-3 0-0 5 Yes No
the-miR-3479a-3p 0-0 0-0 0-3 0-0 5 Yes No
the-miR-71b-5p 0-0 0-1 0-2 0-0 4 Yes No
the-miR-61-3p 0-0 0-0 0-3 0-0 3 Yes No
the-miR-219-5p 0-0 0-2 0-1 0-0 3 Yes Yes
the-bantam-3p 0-0 0-0 0-1 0-0 2 Yes No
the-miR-2e-5p 0-0 0-0 0-2 0-0 2 Yes No
the-miR-9-5p 0-0 0-0 0-1 0-0 2 Yes Yes
the-miR-12-5p 0-0 0-0 0-2 0-0 2 Yes No
the-miR-277a-3p 0-0 0-0 0-1 0-1 2 Yes No
the-Novel-64-5p 0-0 0-0 0-2 0-0 2 Yes No
the-miR-7a-5p 0-0 0-0 0-1 0-0 1 Yes Yes
the-miR-87-3p 0-0 0-0 0-1 0-0 1 Yes No
the-miR-3479b-5p 0-0 0-0 0-1 0-0 1 Yes No
the-miR-281-5p 0-0 0-0 0-1 0-0 1 Yes No
the-Novel-14-3p 0-0 0-0 0-1 0-0 1 No No
the-Novel-35-3p 0-0 0-0 0-0 0-1 1 No No
the-Novel-78-3p 0-0 0-1 0-0 0-0 1 No No
the-Novel-78-5p 0-0 0-0 0-1 0-0 1 Yes No
the-Novel-100-5p 0-0 0-0 0-1 0-0 1 Yes No
the-Novel-103-5p 0-0 0-1 0-0 0-0 1 Yes No

"The data is presented as the range of total read counts for each miRNA across n=5 individual RNA samples
(each sample prepared from cells pooled from 5 mice) at each time point: 0 hour (h): non-infected; 6 h,and
day 5 post infection, except 18h where n=4.

°F. hepatica extracellular vesicle (EV) miRNA data were obtained from [152] and [78]. Cells highlighted in
pink indicate the presence of the corresponding F. hepatica miRNA at the specified time point.
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3.3.2. Worm-derived miRNAs in the peritoneal macrophages of Fasciola hepatica infected mice
are predominantly isomiRs

Analysis of the worm miRNA sequences, revealed notable length heterogeneity (Table 3.5). Only
28% of the worm miRNAs within the macrophages were detected in their canonical form, with the
majority appearing as length variants or isomiRs (Figure 3.1; Table 3.5). The most prevalent type,
representing 40% of the worm miRNAs in macrophages, was 3’ trimmed isomiRs. IsomiRs trimmed
at the 5° or both ends were also present, albeit at lower levels (11%) (Figure 3.1; Table 3.5). Among
the worm-derived miRNAs, fthe-miR-71a-5p had the greatest number of variants, with four 3’ end
variants in addition to the canonical form (Table 3.5). Notably, 85% of the-miR-125a-5p was
identified as an isomiR with a templated addition at the 3’ end, i.e. the extra nucleotides at the 3° end
match the genomic sequence, while the-miR-125b-5p was exclusively present as a 3’ trimmed isomiR

(Table 3.5).
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Figure 3.1. Worm-derived miRNAs detected in the peritoneal macrophages of mice infected with F.
hepatica were predominantly isomiRs. The pie chart depicts the proportion of the Fasciola-derived
miRNA isoforms in peritoneal macrophages of infected mice collectively over the three different infection

time points: 6 h (n =35), 18 h (n = 4) and 5 days (n = 5) post infection.
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Table 3.5. The Fasciola hepatica-derived miRNAs in mouse macrophages during infection
displayed length heterogeneity.

F. hepatica miRNA sequence Length | IsomiR form Read % of total
miRNA (nt)? counts” | count®
the-miR-125b-5p CCCCTGAGACTGATAATTGCT 21 3" trimmed 11 100%
the-miR-125a-5p TCCCTGAGACCCTAGAGTTTC 21 Canonical 3 15%
TCCCTGAGACCCTAGAGTTTCC 22 3' extension 17 85%
(templated)
the-miR-277b-3p AAAATGCATCATCTACCCGAGA 22 Canonical 7 63%
AAAATGCATCATCTACCCGAG 21 3" trimmed 4 36%
the-miR-71a-5p TGAAAGACGATGGTAGTGAGATG 23 Canonical 2 14%
TGAAAGACGATGGTAGTGA 19 3" trimmed 5 36%
TGAAAGACGATGGTAGTGAGA 21 3" trimmed 4 29%
TGAAAGACGATGGTAGTGAGAT 22 3" trimmed 2 14%
TGAAAGACGATGGTAGTGAG 20 3" trimmed 1 7%
the-miR-61-3p TGACTAGAAAGTGCACTCACTT 22 5" trimmed 3 100%
the-miR-71c-5p TGAAAGACATGGGTAATGAGGT 22 Canonical 1 20%
TGAAAGACATGGGTAATGAG 20 3" trimmed 4 80%
the-miR-281-3p TGTCATGGAGTTGCTCTCTACA 22 5' trimmed 3 60%
TGTCATGGAGTTGCTCTCTAC 21 5'and 3' trimmed | 1 20%
TGTCATGGAGTTGCTCTCTA 20 5'and 3' trimmed | 1 20%
the-miR-96-5p CTTGGCACTTTGGAATTGTCA 21 Canonical 5 100%
the-miR-2162-3p TATTATGCAACATTTCACTCT 21 5" trimmed 5 100%
the-miR-3479a-3p | GTATTGCACTTTCCTTCGCCTTA 23 Canonical 1 20%
TATTGCACTTTCCTTCGCCTT 21 5'and 3' trimmed | 4 80%
the-miR-71b-5p TGAAAGACTTGAGTAGTGAG 20 Canonical 2 50%
TGAAAGACTTGAGTAGTGA 19 3" trimmed 2 50%
the-miR-219-5p TGATTGTCCATTCGCATTTCTTG 23 Canonical 1 33%
TGATTGTCCATTCGCATTTCTT 22 3" trimmed 2 67%
the-bantam-3p TGAGATCGCGATTAAAGCTGGT 22 Canonical 1 50%
TGAGATCGCGATTAAAGCTGG 21 3" trimmed 1 50%
the-miR-2e-5p TACCAACTTAGACTGCGTTAT 21 Canonical 2 100%
the-miR-9-5p TCTTTGGTTATCAAGCAGTATG 22 Canonical 1 50%
TCTTTGGTTATCAAGCAGTAT 21 3" trimmed 1 50%
the-miR-12-5p TGAGTATTTCATCAAGTAGTGA 22 Canonical 2 100%
the-miR-277a-3p TAAATGCATTTTCTGGCCCG 21 5' trimmed 1 50%
TAAATGCATTTTCTGGCCC 19 5'and 3' trimmed | 1 50%
the-Novel-64-5p TCCCCGATCAAAGATGCAAG 20 3" trimmed 2 100%
the-miR-87-3p GTGAGCAAAGTTTCAGGTGTG 21 5'and 3' trimmed | 1 100%
the-miR-7a-5p TGGAAGACTGGTGATATGTTGT 22 3" trimmed 1 100%
the-miR-281-5p AGGAGGGCAATTTTATGACTT 21 3" trimmed 1 100%
the-miR-3479b-5p | GATTGCACTACTCATAGCCTTC 22 Canonical 1 100%
the-Novel-14-3p TTTGGAAAAGTAGGTTGTGC 20 3" trimmed 1 100%
the-Novel-35-3p AGAAGGACGCCGCGAGAGAG 20 3' trimmed 1 100%
the-Novel-78-3p AAAGTGAACACTGGTGGATG 20 3" trimmed 1 100%
the-Novel-78-5p ATTTATCGGAGTTCAATAA 19 3" trimmed 1 100%
the-Novel-100-5p | AACACAGCGTAGTCGAAATC 20 Canonical 1 100%
the-Novel-103-5p | TGACCGTACCACTGAGTGACCC 22 Canonical 1 100%

2Shown are the sequence and length of each isoform in nucleotides (nt)

"The total read counts pooled across the three infection time points: 6 h (n = 5), 18 h (n = 4), and 5 days (n = 5) post-

infection

°The percentage of each isoform relative to the total reads for the corresponding miRNA

The rows representing the canonical miRNA sequences are highlighted in pink.




3.3.3. Fasciola hepatica selectively exports isomiRs into host peritoneal macrophages

To determine the likelihood that F. hepatica was actively expressing isomiRs to mediate a biological
effect in host cells, sequences from NEJs, Juvenile, and adult worms [231] and their EVs [78, 152]
were surveyed for the presence of the four most abundant F. hepatica-derived miRNAs that had been
found in the mouse macrophages: fhe-miR-125b-5p, the-miR-125a-5p, fhe-miR-71a-5p, and fhe-
miR-277b-3p (Table 3.4). This comparison revealed that the isomiRs observed in mice host cells
were (1) also expressed across the developmental stages of the worm, (Figure 3.2A-D; Table 3.6) and
(i1) were present in F. hepatica-derived EVs (Table 3.6). This finding supports the notion that isomiRs
are being transported from the parasite to host cells, rather than being generated de novo within the

host cells.

For all four miRNAs, the 3’ trimmed isomiRs that were 21 nt or shorter, were more highly expressed
in the NEJs as compared to the juvenile parasites (Figure 3.2A-D), which agrees with our previous
observation that isomiRs are predominant in NEJs as compared to juvenile or adult worms [274]. The
most prevalent isoforms of fhe-miR-125a-5p and fhe-miR-277b-3p were broadly comparable in
abundance across the worm life stages, worm-derived EVs, and infected macrophages. In both cases,
the top two isoforms in worms and NEJ-EVs were also present in macrophages, with the most

abundant form in worms also the most abundant in host cells (Table 3.6).

For the-miR-71a-5p, the three most abundant variants in the worm life stages and EVs were detected
in macrophages (Table 3.6). Of the five isoforms found in host cells, four corresponded to the top-
expressed isoforms in NEJs (and the other worm life stages), while the most abundant isoform in
macrophages was the least abundant in worms and absent from NEJ-EVs. However, the interpretation
of the NEJ-EV dataset should be cautious, as it lacks biological replicates. Surprisingly, two 3'-
modified isomiRs of fhe-miR-71a-5p, differing from the canonical sequence by a single nucleotide,
were detected in worm life stages and adult EVs (Fig 3.2D). Although Bowtie2 was run with stringent
mapping parameters, alignments with a single-nucleotide difference could be retained if the score met

the threshold.

Notably, the-miR-125b-5p was predominantly expressed as the canonical miRNA in NEJs (and other
life stages) (Figure 3.2A; Table 3.6) and EVs yet appeared exclusively as a 3'-trimmed isomiR in
murine macrophages (Table 3.4). This discrepancy in isomiR profile, also observed for the-miR-71a-
5p, suggest that F. hepatica selectively exports specific isomiRs to host cells, potentially to modulate

the host immune response in favour of the parasite.
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Table 3.6. Reported abundance of the four selected F. hepatica miRNA isomiRs across different worm life stages. Sequence abundance is
visualized as a heat map using a red colour scale for each sample.

[231, 274] [78] [152] Infected
mouse
miRNA Sequence Length | NEJ* JUV* AD* AD NEJEV | ADEVI ADEV2| Mo
(nt) EV
fhe-miR-125b-5p  CCCCTGAGACTGATAATTGCTC 22
CCCCTGAGACTGATAATTGCT 21 26.68% 8.49%  18.44% | 14.89%  2.56% | 8.78%  8.78%
CCCCTGAGACTGATAATTGC 20 1.21% 029%  091% | 2.04%  128% | 0.00%  0.29% 0.00%
fhe-miR-125a-5p  TCCCTGAGACCCTAGAGTTTCC 22
TCCCTGAGACCCTAGAGTTTC 21 2745%  39.00%  26.93% 21.00%  23.31%
TCCCTGAGACCCTAGAGTTT 20 24.08% 934%  2040% | 0.00%  457% | 531%  5.10% 0.00%
TCCCTGAGACCCTAGAGT 18 2.66% 137%  3.76% | 0.00%  032% | 0.00%  0.10% 0.00%
fhe-miR-71a-5p ~ TGAAAGACGATGGTAGTGAGAT 22 44.29% -W- 33.00% | 25.06% 21.21% 14%
TGAAAGACGATGGTAGTGAGA 21 2479%  11.94%  18.63% | 21.77%  33.00% | 14.44%  16.35% 29%
TGAAAGACGATGGTAGTGAGATG 23 13.85%  13.68%  16.75% | 19.68%  33.00% _ 14%
TGAAAGACGATGGTAGTGAG 20 7.96% 252%  3.99% | 046%  0.00% | 1690%  16.04% 7%
TGAAAGACGATGGTAGTGAGATA 23 2.52% 263%  350% | 0.75%  0.00% | 0.71%  0.49% 0.00%
TGAAAGACGATGGTAGTGAGATT 23 2.80% 224%  272% | 2.15%  0.00% | 158% @ 1.11% 0.00%
TGAAAGACGATGGTAGTG 18 1.65% 142%  2.10% | 0.02%  0.00% | 022%  0.19% 0.00%
TGAAAGACGATGGTAGTGA 19 1.48% 051%  1.09% | 005%  0.00% | 3.02%  3.57%
fhe-miR-277b-3p AAAATGCATCATCTACCCGAGA 22 16.70%
AAAATGCATCATCTACCCGAG 21 24.62%  17.10%  14.61% | 33.33% 27.85% | 15.78%  13.57%
AAAATGCATCATCTACCCGA 20 6.39% 841%  939% | 3333% 10.61% | 23.19%  20.24%
AAAATGCATCATCTACCCG 19 4.11% 355%  475% | 16.67%  0.69% | 4.45%  3.25%

* Averages of three biological replicates are shown for each life stage; NEJ, newly excysted juvenile; JUV, juvenile; AD, adult; EV, extracellular vesicles; M@, macrophage; IsomiRs
are reported as percentage of the total counts for each individual miRNA. Only isomiRs comprising more than 1% of the total count in a given sample are included. The canonical
sequences are highlighted in yellow.
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Figure 3.2. The most abundant worm-derived miRNAs in macrophages had increased 3’ trimmed
isomiRs expression in the NEJs, as compared to juvenile (JUV) or adult (AD) worms. IsomiRs that
accounted for more than 1% of the total read count in an individual sample are shown (n = 3 biological
replicates per life stage). Canonical sequences are shown as black solid lines, and isomiRs as coloured
dotted lines (t, trimmed; e, extension; m, modification). The Y-axis shows the percentage of each isoform
relative to the total read count for the corresponding miRNA. Data are presented as mean = SEM for
individual replicates. Statistical analysis was performed using one-way ANOVA; asterisks (*) in the
colour of the isoforms indicate a significant p value (< 0.05) compared with the NEJ life stage for that

specific isoform.
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3.3.4. The 3’ trimmed fhe-miR-125b-5p isomiR is predicted to have a reduced binding affinity
for host gene targets as compared to the canonical miRNA

Since the-miR-125b-5p was exclusively present as an isomiR in host macrophages (Table 3.4) and
given the previously established role for this miRNA the modulation of mammalian macrophages
[63], it was selected for further characterisation. This analysis examined several known shifts in
isomiR functionality as compared to their canonical counterparts, i.e. altered target specificity and

binding affinity, altered efficiency in gene regulation, and altered interactions with host Ago2.

To assess whether the missing nucleotide at the 3’ end of the the-miR-125b-5p isomiR alters binding
affinity to host target genes, target prediction was performed for both the canonical and isomiR
sequences using miRanda [276], one of the earliest and most widely used miRNA target prediction
tools. miRanda not only evaluates sequence complementarity but also incorporates evolutionary
conservation of target sites, tolerates mismatches such as, G:U wobble pairs and gaps to detect
biologically relevant targets without perfect complementarity, and, importantly, calculates the
minimum free energy (FE) of miRNA-mRNA duplex formation, a key parameter for quantifying

changes in binding strength.

The initial miRanda prediction identified 9,565 targets for the canonical fhe-miR-125b and 8,853 for
the 3’ trimmed isomiR (Fig 3.3; Supplementary Table 3.1a and b). To compare binding strength, we
focused on predicted FE values, applying the recommended —20 kcal/mol threshold to define high-
confidence target sites, with more negative values indicating stronger predicted binding. This filter
yielded 2,897 murine targets for the canonical sequence and 2,178 for the isomiR, representing a 25%
reduction (Fig 3.3; Supplementary Table 3.1c and d). Predicted targets were distributed across
multiple mRNA 3’ UTR isoforms, with several transcripts containing more than one miRNA binding

site.

At the gene level, the canonical sequence was predicted to target 1,630 murine genes, compared with
1,248 for the isomiR (Fig 3.3; Supplementary Table 3.1e). Following application of the FE cutoff <
-20 kcal/mol, only one gene (Cpsf4; four transcripts with the same binding sites) was uniquely
predicted as a target for the isomiR, with an FE of —21.02 compared to —17.89 for the canonical
sequence. All other isomiR-predicted genes were also identified as gene targets for the canonical
miRNA. In addition to the predicted reduced affinity of the isomiR for 383 gene targets (Fig 3.3;
Supplementary Table 3.1f), for some of the common genes, the FE cut-off also resulted in the a
reduced affinity for one or more binding sites within the same gene (Fig 3.3; Supplementary Table

3.1g). Moreover, of the common 2174 transcript binding sites, 1273 target sites (58.6%) had the same
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FE energy score, 899 target sites (41.4%) were predicted to have greater FE for isomiR; and only two
transcripts (both belonging to the same gene, Adamtsl7, for the same binding site) had lower FE
compared to the canonical miRNA (Fig 3.3; Supplementary Table 3.1h). Collectively, these results
suggest that the loss of the 3’ nucleotide in the the-miR-125b isomiR primarily reduces its affinity for

host targets rather than altering its target repertoire.

fhe-miR-125b Canonical (Can) fhe-miR-125b IsomiR (Iso)
9565 targets* 8853 targets™

1
1
Free energy <-20 kcal/mol i
1
1

<_______

\'4
) 2897 targets S o 2178 targets \
I (1630 genes) i i (1248 genes) \
R4 1 1 \
4 L 3
723 unique targets Y v 4 unique targets
(383 genes) Common targets: 2174 (1 gene)

Same FE :1273
FE higher in Iso: 899
FE lower in Iso: 2

Y

Multiple binding sites
Can: 215 targets; Iso: 142 targets
Same no. of binding sites: 131
Iso missing 2 binding sites: 11
Iso missing 1 binding site: 73

* Target counts include multiple mRNA 3’ UTR isoforms for the same gene, with one or more
unique binding sites per transcript.

Figure 3.3. Application of the —20 kcal/mol free energy cut-off on the miRanda predicted target sites
indicated that the 3'-trimmed fhe-miR-125b isomiR has reduced binding capacity for host targets
compared to the canonical sequence. The flow chart outlines the analysis workflow for predicted targets.
Following free energy (FE) filtering, isomiR retained fewer targets than the canonical sequence. Among
shared targets, 41% had higher FE values than the canonical miRNA, and for some transcripts with
multiple binding sites, the isomiR lacked up to two binding sites.
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Gene enrichment analysis of the 383 gene targets apparently lost due to the free energy cut-off of < -
20 kcal/mol (Supplementary Table 3.1f) revealed that these genes are involved in cellular responses
such as cell communication, behaviour, localisation, and response to stimulus (Figure 3.4; Table 3.7).
However, when the enrichment profile of the canonical and isomiR predicted targets were compared,
similar pathways emerged in both, suggesting that although weaker binding efficiency may reduce
the number of direct gene targets, the overall functional impact on host cellular processes may remain

(Supplementary Table 3.2).
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Figure 3.4. The gene targets of fhe-miR-125b-5p isomiR that were excluded after applying the FE
cutoff (< —20 kcal/mol) were enriched in pathways related to host responses, including cell
communication, behaviour, localisation, and response to stimulus. Gene enrichment analysis was
performed using g:Profiler [277] on targets that were predicted to have diminished binding capacity for
isomiR due to the application of the FE cutoff < -20. GO terms for biological processes with P value
adjusted to < 0.05 were used to graph a semantic similarity plot using Revigo [278].
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3.3.5. The fhe-miR-125b-5p canonical and isomiR sequences regulated the LPS-stimulated pro-
inflammatory response in macrophages with equal efficacy

As mentioned, it has been hypothesised that F. hepatica miRNAs are secreted by the parasite to
regulate the ability of host macrophages to mediate a classical protective, pro-inflammatory (M1-
like) response to prevent the expulsion of NEJs as they migrate from the intestine to the liver (as
described in Chapter 1). The diminished range of predicted gene targets for the the-miR-125b-5p
isomiR, suggested a reduced functionality as compared to the canonical miRNA. While this was
surprising given the evidence that the parasite selects isomiRs to interact with host macrophages, it
may reflect a need to fine-tune immune responses with more subtlety that would be mediated by the

canonical fhe-miR-125b-5p.

To further explore this idea and to compare the efficacy of the isomiR to the canonical the-miR-125b-
5p in the modulation of innate immune responses, transfected macrophages were assessed for the
secretion of cytokines and for the expression of host genes under basal and pro-inflammatory
conditions. Specifically, synthetic mimics of the isomiR and canonical miRNA were transfected into
BMDMs that were then stimulated with the pro-inflammatory ligand bacterial LPS, after which
cytokine production and gene expression were measured. As it was expected that the-miR-125b
would suppress/regulate the proinflammatory response, BMDMSs were also transfected with a
synthetic mmu-miR-23a, a miRNA that is known to promote pro-inflammatory responses [280], thus

serving as a comparative and functional control.

To understand the regulatory impact of transfection, a panel of seven host genes were selected from
the list of predicted gene targets for the Fasciola isomiR and canonical the-miR-125b (Table 3.7;
Supplementary Table 3.1). These targets were chosen as they have documented involvement in
macrophage polarization and proinflammatory signalling (Table 3.7). Among these genes, Stat3,
Hifla, and 1117r were predicted to have reduced binding affinity (FE < -20 kcal/mol) for the isomiR
compared to the canonical the-miR-125b. In addition, Pin/ and Runxl were selected as both genes
possessed three predicted binding sites for fhe-miR-125b, but with at least one site per gene predicted
to have higher FE score for the isomiR as compared to the canonical sequence, suggesting a reduced
binding affinity. Nodl and P2rx7 were also included, as they were previously identified as predicted
the-miR-125b targets and were found to be downregulated during the pre-hepatic phase of F. hepatica

infection in the mouse model [56].
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Table 3.7. Selection of predicted host target genes of fhe-miR-125b associated with macrophage M1 polarization and proinflammatory

signalling.

Gene Transcript ID “larget Target Can FE | Iso FE Biological activity associated to M1 macrophage
Start end

Stat3 ENSMUSTO00000127638.8 1591 1613 -23.77 -19.3 Involved in macrophage polarization [281]

Hifla ENSMUST00000021530.8 1582 1606 -21.49 | -18.37 Regulates M1 macrophage polarization [282]

117rd ENSMUSTO00000035336.5 1455 1478 -22.95 N/A Suppression enhances TLR-mediated inflammation [283]
340 362 -23.38 | -23.38

Pinl ENSMUST00000034689.8 197 218 -24.16 | -22.22 Regulates Stat3 [284]; Activates NLRP3 inflammasome [285]
443 464 -2091 | -17.58
3919 3939 -22.69 | -20.77

Runxl ENSMUSTO00000023673.14 3022 3043 -23.89 | -21.94 Enhances TLR4-induced inflammation [286]
2279 2300 -21.86 N/A

P2rx7 | ENSMUSTO00000100737.10 2735 2755 -23.89 | -21.11 Stimulates several inflammatory processes [287, 288]

Nodl N/A Induces pro-inflammatory cytokine production [289]

*Target start site for the canonical the-miR-125b. Can: Canonical; Iso: [somiR; FE: free energy; ‘N/A’ indicates target not identified in the miRanda prediction.

Grey-shaded cells represent FE values > —20 kcal/mol.
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Initially, the effect of transfection with the miRNA mimics on the induction of pro-
inflammatory responses in macrophages was determined by the quantification of IL6 and TNF
in the culture media following LPS stimulation. These cytokines are typical of an anti-pathogen
M1 macrophage response and are evidently inhibited in peritoneal macrophages during the
NEJ stage of infection with F. hepatica [183, 184]. In agreement with these observations, and
consistent with the previous reported effect of fthe-miR-125b on mammalian macrophages,
both IL6 and TNF secretion were reduced in macrophages transfected with the canonical
miRNA sequence as compared to unstimulated cells (Figure 3.5) [63]. Despite the predicted
reduced binding affinity for the fhe-miR-125b-5p isomiR, there was no significant difference
in the inhibition of cytokine secretion in cells transfected with the isomiR as compared to the
canonical miRNA. Although, the difference between the levels of TNF secreted by the cells
transfected with the isomiR and the LPS stimulated non-transfected cells were more significant
than that seen in the cells transfected with the canonical. As expected, transfection with the
mmu-miR-23a mimic elevated the expression of both IL6 and TNF, further supporting the
regulatory effect of both the canonical and isomiR the-miR-125b.

To next determine if there was a differential impact on the regulation of genes associated to
inflammatory pathways between the canonical and isomiR, the expression of the selected panel
of target genes was quantified in the transfected cells. For six of these genes, there was no
evidence of regulation in unstimulated macrophages by either the canonical or isomiR mimics
(Figure 3.6A-F). However, the basal expression of P2rx7 in macrophages was significantly
downregulated to the same extent by both the fhe-miR-125b canonical and isomer (Figure 3.6

Q).

Under inflammatory conditions (LPS stimulation), the expression of Stat3, Hifla, and Nodl,
all known positive regulators of the LPS-induced TLR4 pathway [290-292] was significantly
increased. Consistent with the regulation of IL6 and TNF secretion in macrophages, both the
canonical and the isomiR the-miR-125b mimics significantly reduced the expression of
Stat3, Hifla, and Nodl with equal efficacy (Figure 3.7A-C). As before, transfection with the
mmu-miR-23a mimic had no effect on the expression of these genes, which again, supports the
conclusion that the the-miR-125b mimics are specifically regulating the expression of host

genes.
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Although the expression of //17rd was also significantly increased in macrophages following
stimulation with LPS, unexpectedly, the canonical fhe-miR-125b further increased the
expression of this gene (Figure 3.7 D). While the isomiR fhe-miR-125b also appeared to
elevate the expression of ///7rd induced by LPS, this change was not statistically significant
(p = 0.24). Once again, and as expected, transfection with mmu-miR-23a had no observable

effect on the expression of 1/17rd.

The expression of the remaining three host genes, Pin/, and P2rx7 was significantly reduced
in macrophages in response to LPS stimulation, and Runx/ also appeared downregulated,
although not significantly (p = 0.09) (Figure 3.8). No further suppression was observed in the

cells transfected with the Fasciola-derived miR-125b mimics or with mmu-miR-23a.

Comparable Cq values obtained from qPCR using specific TagMan primers for both the
canonical and isomiR forms of fhe-miR-125b-5p confirmed effective transfections (Figure
3.9). Additionally, LDH assays demonstrated that cytotoxicity across all treatment groups,
including those transfected with either mimic, remained below 10% and was comparable to
vehicle-treated controls (Figure 3.10). These findings confirm that the observed effects of the-
miR-125b mimics on pro-inflammatory cytokines were not influenced by differences in

transfection efficiency or cytotoxicity.
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Figure 3.5. The canonical and isomiR fhe-miR-125b-5p regulated the inflammatory response to
bacterial LPS in macrophages to the same extent. BMDMSs were transfected with canonical (Can)
and isomiR (Iso) mimics of fhe-miR-125b-5p (20 pmol/mL) or mmu-miR-23a-3p. After 24 h, cells
were stimulated with LPS (20 ng/mL) and 6 hours later, the secretion of IL6 (A) and TNF (B) was
measured in the cell supernatants by ELISA. Results are presented as fold changes relative to
vehicle control cells stimulated with LPS. Data are from four independent experiments, each
represented by the average of three technical replicates, except for miR-23a, which is from two
independent experiments. Box plots depict the data distribution, with the mean = SEM indicated by
horizontal and vertical lines. Statistical analysis was conducted using one-way ANOVA and student

unpaired t test; *p < 0.05, **p < 0.005; ns, not significant.
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Figure 3.6. Except for the reduced expression of P2rx7, the fhe-miR-125b canonical and isomiR
mimics had no effect on the expression of predicted gene targets in unstimulated BMDMs. Gene
expression was measured for A) Stats3, B) Hifla, C) Nodl and D) 1l17d, E)Pinl, F) Runxl and G)
P2rx7 by gPCR in mouse BMDMs transfected for 24 hours with 20 pmol/mL of fhe-miR-125b
canonical (Can) or isomiR (Iso) mimics, or control mimic mmu-miR-23a, followed by 6 hours in
complete media (no LPS). Expression levels were quantified as starting quantities (No) using
LinRegPCR (v.11) and presented as fold changes relative to the unstimulated vehicle control
group. Each data point represents the average of three technical replicates from an independent
experiment (four independent experiments for each treatment group, except miR-23a, which is from
two independent experiments). Mean = SEM are shown. Statistical analysis was performed using

one-way ANOVA; *p < 0.05 was considered significant; ns, not significant.
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Figure 3.7. Both isomiR and canonical fhe-miR-125b-5p significantly suppressed the expression
of host genes that had been increased in response to LPS stimulation of macrophages. Gene
expression was measured for A) Stats3, B) Hifla, C) Nodl, and D) 1117d by qPCR in BMDMSs
transfected for 24 hours with fhe-miR-125b canonical (Can) or isomiR (Iso) mimics (20 pmol/mL),
or control mimic mmu-miR-23a, followed by LPS (20ng/mlL) treatment for 6 hours. Expression
levels were quantified as starting quantities (No) using LinRegPCR (v.11) and presented as fold
changes relative to the LPS-treated group without miRNA mimic. Each data point represents the
average of three techmical replicates from an independent experiment (four independent
experiments for each treatment group, except miR-23a, which is from two independent
experiments). Mean = SEM are shown. Statistical analysis was performed using one-way ANOVA
and student’s unpaired t-test; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005 was

considered significant,; ns, not significant.
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Figure 3.8. Neither the isomiR nor canonical fhe-miR-125b-5p impacted the expression of genes
downregulated by LPS stimulation of macrophages. Gene expression for A) Pinl, B) Runxl and
C) P2rx7 was measured by gPCR in mouse BMDM:s transfected for 24 hours with 20 pmol/mL of
fhe-miR-125b canonical (Can) or isomiR (Iso) mimics, or control mimic mmu-miR-23a, followed
by LPS (20 ng/mL) treatment for 6 hours. Expression levels were quantified as starting quantities
(No) using LinRegPCR (v.11) and presented as fold changes relative to the LPS-treated group
without miRNA mimic. Each data point represents the average of three technical replicates from
an independent experiment (four independent experiments for each treatment group, except miR-
23a, which is from two independent experiments). Mean + SEM are shown. Statistical analysis was
performed using one-way ANOVA and student’s unpaired t test; *p < 0.05 was considered

significant; ns, not significant.
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Figure 3.9. Transfected macrophages displayed the same levels of expression of fhe-miR-125b
canonical (Can) and isomiR (Iso) sequences. Cq values were obtained using TagMan™ small
RNA assays with custom primers specific to each mimic. Individual replicates from four
independent experiments are shown. Data are presented as the Cq difference relative to the

canonical miRNA within each treatment group.
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Figure 3.10. Transfection of macrophages with canonical and isomiR fhe-miR-125b mimics did
not significantly impact cell viability. Cytotoxicity was quantified as a percentage of maximum
LDH release relative to vehicle and LPS-treated control cells. Data is representative of three
independent experiments. Mean (n = 3) =+ SEM are shown as horizontal and vertical lines.
Statistical significance was determined using one-way ANOVA and student’s unpaired t test,

with *p < 0.05 considered significant; ns indicates non-significant results.
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3.3.6. The fhe-miR-125b-5p isomiR directly regulated the expression of host genes more
efficiently than its canonical counterpart

Despite the prediction that the canonical and isomiR fthe-miR-125b-5p had different binding
affinities for several host genes and thus different biological activities, this was not evident in
the LPS stimulated macrophages, in which the regulation of gene expression was similar
between the two miRNA forms. However, although the stimulation of macrophages with LPS
is widely accepted as a model of innate inflammation and used broadly to screen for anti-
inflammatory agents, several pathways and signalling cascades are activated and intersect to
mediate the inflammatory response. This will include both miRNA dependent and independent
mechanisms. As such, any specific regulation of a single gene by a single miRNA may be

masked within this complexity.

Therefore, to more directly explore the efficiencies of gene regulation for the canonical and
isomiR the-miR-125b-5p a more simplified luciferase reporter system was employed. Thus,
the miRNA binding regions within the 3' UTRs of four selected genes were cloned into the Psi-
CHECK?2 luciferase reporter vector. The resulting constructs were co-transfected into HEK293
cells along with either the canonical or isomiR mimics of the-miR-125b. Hifla and Stat3 were
selected because each contained a single predicted binding site with diminished affinity for the
isomiR (Table 3.7) and, in vitro, were repressed by both the canonical and isomiR mimics in
LPS stimulated macrophages. In contrast, Pin/ and RunxI were not suppressed in LPS treated
macrophages but were chosen because they harboured multiple predicted binding sites, at least
one with diminished predicted binding for the isomiR based on free energy scores, and one or
more with greater free energy compared to the canonical miRNA (Table 3.7). These features

suggest that the canonical and isomiR forms may interact differently with these targets.

The assay was first validated using hsa-miR-21 and its well-characterized target Pdcd4 [279].
As expected, Pdcd4 expression was suppressed by miR-21, but not by the fthe-miR-125b
mimics, confirming assay specificity (Figure 3.11A). On the other hand, the control mimic
mmu-miR-23a appeared to suppress Pdcd4. Investigation of the cloned Pdcd4 site for sequence
complementarity with miR-23a revealed multiple potential binding sites, although all had free
energy > -20 kcal/mol (Fig 3.11B). While this suggests that miR-23a is less likely to bind the
cloned sequence strongly, the apparent suppression may result from these weak or non-

canonical interactions.
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Consistent with the qPCR analysis of host gene expression in the LPS stimulated macrophages
(Figure 3.7B), the fhe-miR-125b isomiR mimicked the regulatory effect of canonical miRNA
in significantly regulating the expression of Hifla (Figure 3.12A). Similarly, and like the effect
observed in transfected macrophages (Figure 3.8B), the expression of Runx/ was not

significantly altered by the fhe-miR-125b mimics (Figure 3.12D).

While the expression of Stat3, Pinl appeared slightly reduced by canonical the-miR-125b, this
change was not significant (p = 0.53 for Pinl, and 0.63 for Stat3). In contrast, the isomiR the-
miR-125b significantly reduced expression of both genes (Figure 3.12B and C).

As expected, miR-23a had no effect on the expression of Hifla, Pinl and RunxI (Figure 3.12
A, C, and D), confirming the specificity of target sites for the-miR-125b. However, the
expression of Stat3 was significantly suppressed by miR-23a (Figure 3.12 B), which was
explained by subsequent analysis of sequence complementarity that revealed the potential for
interaction between the cloned Stat3 3" UTR region and miR-23a (Figure 3.13). Therefore, to
provide a validation for the specificity of Stat3 repression by the-miR-125b, mmu-miR-21 was
included as an additional mimic control, and as expected it did not exhibit any significant effect

on Stat3 expression (Figure 3.12B).
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Figure 3.11. Validation of the luciferase reporter assay using hsa-miR-21 and its endogenous
target Pdcd4 to assess miRNA-target direct interactions. (1) HEK293 cells were co-transfected
with miRNA mimics and the psi-CHECK?2 vector containing the 3' UTR of Pdcd4, a known target
of hsa-miR-21. Luciferase activity was measured as the Renilla to Firefly luminescence ratio and
expressed as fold change relative to control cells transfected with the psi-CHECK?2 vector alone
(no miRNA mimic). The data is presented as mean (n = 3) £+ SEM shown by horizontal and vertical
lines. Statistical analysis was performed using one-way ANOVA; **p < 0.005, ****p < 0.00005;
ns, not significant. (B) mmu-miR-23a-3p potential binding sites within the cloned Pdcd4 sequence.

miRNA-mRNA interactions were predicted with RNA-hybrid (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid?id=rnahvbrid view submission). Matches with minimum free energy

(mfe) < -16 kcal/mol are shown.
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Figure 3.12. Luciferase reporter assay demonstrated that the fhe-miR-125b-5p isomiR repressed

host target genes more effectively than the canonical form. HEK293 cells were co-transfected
with miRNA mimics (20 pmol) and the psi-CHECK?2 vector (75 ng) containing the 3' UTR region
of murine Hifla (A), Stat3 (B), Pinl (C), or Runxl (D), each predicted to be targeted by fhe-miR-

125b. Luciferase activity was calculated as the ratio of Renilla to Firefly luminescence and

expressed as fold change relative to control cells transfected with the psi-CHECK?2 vector alone

(no miRNA mimic). Data are presented as box plots, with mean + SEM indicated by horizontal and

vertical lines, individual data points are shown as dots: Hifla and Pinl, n = 6 from two

independent experiments, except miR-23a (n = 3 from one experiment for Hifla); Stat3 and Runx1,

n = 9 from three independent experiments, except for miR-23a (n = 6 from two experiments).

Statistical analysis was performed using one-way ANOVA,
*p <0.05 **p<0.005 ***p <0.0005; ns, not significant.
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Figure 3.13. The cloned Stat3 sequence in the psiCHECK-2 vector contains multiple potential
binding sites for mmu-miR-23a-3p. miRNA-mRNA interactions were predicted with RNA-hybrid

(https.//bibiserv.cebitec.uni-bielefeld.de/rnahyvbrid?id=rnahybrid_view_submission). Matches

with minimum free energy (mfe) < -20 kcal/mol are shown.
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3.3.7. The 3’ trimmed isomiR fhe-miR-125b displayed enhanced interaction with host
Ago2 as compared to the canonical miRNA.

Although the luciferase reporter assay showed a differential effect between the isomiR and
canonical fhe-miR-125b, the increased repression of the luciferase reporter by the isomiR
contrasted with the target prediction analyses. These opposing findings suggested that the
greater efficacy in gene regulation displayed by the isomiR in the luciferase assay was unlikely

due to sequence complementarity and/or altered binding affinity to gene targets.

To explore an alternative mechanism, we next investigated whether host Ago2 exhibits a
differential binding preference for the 3'-trimmed isomiR compared to the canonical the-miR-
125b. An Ago2 pulldown assay was performed in mouse macrophages transfected with either
canonical or isomiR mimics. Immunoprecipitation of cellular Ago2 was confirmed by western
blotting (Figure 3.14A). To demonstrate consistency of immunoprecipitation and elution of
RNA, the quantity of loaded mmu-miR-21, a highly abundant endogenous miRNA, was
quantified using RT-qPCR. This miRNA was equally abundant in cells treated with either the
canonical or isomiR fhe-miR-125b (Figure 3.14B and C), which combined with the equal
precipitation of the Ago2 protein, validates any comparative differences in RNA loading of the

synthetic mimics.

Of the Fasciola miRNAs, the amplification of the-miR-125b isomiR from the Ago2 miRNA
load, showed earlier Cq values compared to its canonical counterpart (Figure 3.14D),
indicating a higher level of association to the Ago2 protein. Furthermore, when normalised to
endogenous miR-21 levels, the isomiR was loaded with five-fold abundance as compared to

the canonical miRNA (Figure 3.14E).
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Figure 3.14. fhe-miR-125b isomiR is loaded more efficiently onto host Ago2 than the canonical
Jform. Macrophages (RAW264.7 cell line) were transfected for 24 hours with either the canonical
(Can) or isomiR (Iso) mimic of fhe-miR-125b (20 pmol/mL), followed by Ago2 pulldown assay (A)
Western blot of protein eluted from Ago2 immunoprecipitated breads showing distinct Ago2 bands
at ~97 kDa. The Can and Iso lanes each represent a pooled triplicate sample of transfected cells.
Blank lane represents elute from a no-cell control; (B) Amplification plots and (C) Cq values of
Ago2-associated ~mmu-miR-21 measured by qPCR from RNA eluted from Ago2
immunoprecipitated beads; (D)Amplification plots and (E) relative levels of Ago2-associated
canonical and isomiR fhe-miR-125b determined by 2“? analysis normalized to miR-21.
Amplification plots showing individual curves for each sample (n = 3). The bar graphs (C and E)
show mean = SEM indicated by horizontal and vertical lines, individual data points are shown as

dots **p < 0.005; ns, not significant, using Student’s unpaired t-test.
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3.4. Discussion

This study provides the first evidence, to our knowledge, of helminth-derived isomiRs being
present within host cells. Specifically, we showed that Fasciola hepatica miRNAs detected in
host peritoneal macrophages during the migration of NEJs are not predominantly in their
canonical forms, but instead mostly exist as isomiRs. Importantly, the same isomiRs were also
expressed by parasites and detected within their EVs. Notably, the-miR-125b appeared
exclusively in macrophages as a 3'-trimmed isomiR (lacking a single nucleotide) and this
variant was most abundant in host macrophages, despite the canonical form being predominant
within the parasite at the corresponding timepoint. Combined, these observations strongly
support a mechanism by which Fasciola hepatica is specifically expressing sequence variants

of its miRNAs for export into host cells to mediate functional change.

It is important to note that isomiR detection in this study was limited to length variants of the
canonical F. hepatica miRNAs, potentially underestimating the true abundance and diversity
of parasite-derived miRNAs within host macrophages. This limitation arises from the use of a
highly stringent alignment criterion, which allowed no mismatches against the F. hepatica
miRNA reference library, in order to minimise the risk of misclassifying endogenous host
miRNAs as parasite-derived sequences. While this conservative approach effectively reduces
false positives, it restricts detection to canonical miRNAs, and isomiRs that are 3" or 5’ trimmed
or extended, provided they perfectly match the reference sequences, at least for the first 20
nucleotides [236]. As a result, the pipeline excludes isomiRs containing internal sequence
variations, including single nucleotide substitutions, insertions, deletions, or RNA editing
events not represented in the reference. Therefore, the isomiRs identified in this study likely
represent only a subset of a broader and more complex population of F. hepatica-derived
miRNAs. Future studies employing more permissive isomiR detection pipelines (as described
in [274]), or cross-species-aware alignment strategies may reveal additional layers of sequence

diversity.

Since 3’ isomiRs are commonly produced in mammalian immune cells in response to stimuli
such as bacteria or viruses [147, 273], it is plausible that parasitic worms co-opt this
endogenous signature to effectively integrate into the host RNAi pathway and manipulate the
activity of immune cells. Supporting this hypothesis, the luciferase assay, which assesses direct
interactions between miRNAs and their predicted target sites, showed that while the isomiR

exerted similar effect as the canonical sequence on some gene targets (Hif/a and Runx1) it was
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more efficient at downregulating specific host genes, Stat3 and Pinl. These two genes are
known to be functional partners: Pin/ binds phosphorylated Stat3 to stabilize and enhance
Stat3 activity, a key pathway regulating macrophage polarization [281, 284, 293]. The
preferential suppression of this Pin-Stat3 axis by the isomiR points to selective targeting of a
central inflammatory pathway, potentially enabling the parasite to modulate host immunity

more precisely.

This functional advantage was not anticipated by thermodynamic modelling, which predicted
weaker target binding by the isomiR due to its shortened 3’ end. This suggests that free energy
calculations alone may be insufficient to predict regulatory activity, consistent with the gene
enrichment analysis that indicated comparable biological implications for the canonical and
isomiR forms. However, the free energy analysis relied solely on the miRanda tool, which, for
example, did not predict Nod! as a target of the-miR-125b, in contrast to a previous study that
combined three prediction tools [56]. Hence, employing a combination of in silico prediction
tools such as RNA22 [294], combinatorial target prediction platforms like ComiR [295], and
deep learning-based predictors of miRNA/isomiR targets such DMISO [296], alongside in
vitro Ago2 FRET assays to directly assess miRNA-RISC interactions with target mRNAs [297]
could provide a more comprehensive and reliable assessment of the contribution of free energy

to targeting differences between the canonical and isomiR forms.

Despite the luciferase assay findings, a comparable pattern of differential gene regulation was
not observed in LPS-stimulated BMDMs. This difference is not unexpected, because luciferase
reporter assays measure direct miRNA-target interactions at a cloned binding site, whereas the
effects observed in LPS-stimulated cells reflect the broader impact of the miRNA mimics
within a complex cellular environment, including both direct and indirect regulatory

influences.

The LPS stimulation model was used to evaluate the effects of the exogenous parasite-derived
miRNA as LPS is a potent TLR4 agonist that induces pro-inflammatory M1-like macrophages
[298]. In this sense, this model was intended to mimic the macrophage response described for
the early stages of Fasciola infection, reflecting the translocation of gut bacteria as the NEJs

migrate from the gut through the peritoneum to the liver.
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However, this model may not fully replicate the nuanced environment encountered in vivo. The
peritoneal cavity contains tissue-resident macrophages that are exposed to a complex mix of
host- and parasite-derived signals, including cytokines, apoptotic debris, metabolites, and
various pathogen-associated molecular patterns (PAMPs) [181, 299-304]. By contrast,
BMDMs are homogeneous and lack this contextual diversity, which may mask subtle
regulatory differences between miRNA isoforms. The strong and uniform activation induced
by LPS-derived from a sole bacterial strain might override or obscure the fine-tuned effects
exerted by the isomiR. These observations reinforce the context-dependent nature of parasite
miRNA-mediated gene regulation and underscore the limitations of simplified in vitro models.
Future studies should consider more physiologically relevant systems such as in vivo
infections, 3D co-culture models, or organoid systems to better capture the complexity of host—

parasite interactions.

Additionally, the expression of selected gene targets of the-miR-125b were not all regulated as
predicted in the LPS model. While the expression of Stat3, Hifla, and Nodl, genes upregulated
by LPS, were reduced by both miRNA forms, the expression of [/17rd, Runxl, Pinl,
and P2rx7 were either unaffected by transfected miRNAs or unexpectedly increased.
Specifically, Pinl and Runxi, were already downregulated by LPS, suggesting that repression
by the isomiR may require a certain level of baseline expression. In contrast, 1/17rd was
notably upregulated by canonical miR-125b, which could be a secondary effect of miRNA,
potentially due to alterations in upstream regulatory pathways or intermediate factors that
influence 7/17rd expression. Future studies should explore alternative in vitro models or multi-
ligand stimuli that selectively induce the expression of target genes to validate targets
specificity, and to better distinguish the regulatory capacity of the canonical miRNA versus the

isomiR.

Our findings that the 3'-trimmed isomiR loads more efficiently onto Ago2 aligns with previous
literature that demonstrated distinct Ago2 loading efficiency between miRNA isoforms [305,
306]. Since the 3’ end of the miRNA interacts with the PAZ domain of Ago proteins [307],
shorter 3’ end of the the-miR-125b isomiR might better fit the binding pocket of Ago2,
facilitating more efficient RISC assembly. From an evolutionary standpoint, the parasite’s
selective deployment of isomiRs that better engage host RNA silencing machinery may

represent a refined strategy to manipulate host immunity.
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The novel findings presented in this chapter, raises critical questions about the compatibility
of parasite miRNAs within host RNAi pathways, including whether diverse canonical and
isomiR repertoires are deployed by the parasite at different infection stages to tailor responses
to variable host environments. Furthermore, elucidating the mechanisms of how these worm-
derived miRNAs interact with, and utilise, the mammalian miRNA biogenesis machinery to
mediate the processing, Ago loading and subsequent regulatory function within host cells, will

be an important area for future exploration.
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Chapter 4:

Deciphering the mechanisms by which parasite-
derived miRNAs exploit the host RNA
interference (RNAi) machinery to regulate host

gene expression
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4.1. Introduction

The data presented in Chapter 3 revealed that Fasciola hepatica strategically exploits the host
Argonaute 2 (Ago2) protein by deploying isomiRs with enhanced affinity, demonstrating a
sophisticated mechanism to manipulate host RNA interference (RNAi) pathways. However,
the precise mechanism by which parasite-derived miRNAs are processed within the
mammalian host’s miRNA biogenesis machinery remain unknown. Specifically, it is now of
interest to determine how these parasite-derived miRNAs engage the host RNAi pathway,
which core components they utilise, and/or whether they bypass key mammalian miRNA

machinery and use alternative, non-canonical processing pathways.

As previously discussed, (Section 1.4.4.1), Ago2 is the principal effector of the RNA-induced
silencing complex (RISC), binding mature miRNAs and guiding them to complementary
mRNA targets to mediate translational repression or degradation. Alongside Ago2, mammalian
cells also express Agol, Ago3, and Ago4, which are similarly capable of binding miRNAs and
forming RISC complexes. However, only Ago2 exhibits slicer activity that enables
endonucleolytic cleavage of target mRNAs, resulting in irreversible gene silencing; the other
Agos primarily facilitate repression through non-cleavage mechanisms [308]. Accordingly, the
Ago proteins can compensate for each other to some degree and contribute to translational
repression and mRNA degradation through non-slicing mechanisms [309-312]. In mammalian
cells, the loading of miRNAs onto Ago proteins tends to reflect the relative abundance of each
Ago protein, rather than involving strict sequence-dependent sorting. As a result, because Ago2
is generally the most abundant Ago protein in many cell types, it associates with a larger
proportion of the cellular miRNA pool, thereby underscoring its predominant role in post-

transcriptional gene regulation [311].

In macrophages, Ago2, as expected, mediates miRNA-mediated regulation of macrophage
activation and inflammatory responses [313, 314]. However, other Agos also contribute to
immune regulation: Ago4 is essential for antiviral defence in macrophages, where its loss
reduces viral RNA loading onto host RISC [315], while Agol is upregulated during
Leishmania infection and enriched in RISCs isolated from the parasite infected cells [316].

Together, these findings suggest that F. hepatica miRNAs might engage multiple Ago proteins
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in host cells, raising the question of whether Ago2 is uniquely indispensable or whether

alternative Ago pathways could support parasite miRNA function.

Dicer, an RNase III endonuclease essential for miRNA maturation, cleaves precursor miRNAs
into mature miRNA duplexes within the cytoplasm (Section 1.4.4.1). A single Dicer gene exists
in humans, mice, and helminths [317], and its loss results in precursor miRNA accumulation
and a marked reduction in mature miRNA levels (Kim et al., 2016). Beyond maturation, Dicer
contributes to miRNA strand selection and RISC assembly by interacting with TAR RNA-
binding protein (TRBP) or PKR-activating protein (PACT), guiding the correct miRNA strand
to Ago2 [318, 319]. Unlike in Drosophila, where this mechanism is indispensable, in
mammalian cells Dicer interaction is not essential for mature miRNA loading, as exogenous
miRNAs retain gene silencing in Dicer-deficient cells [320, 321]. Whether mature parasite

miRNAs require host Dicer for efficient loading onto Ago2 remains unknown.

To explore these questions surrounding the integration of F. hepatica-derived miRNAs into
the mammalian RNAi pathway, this chapter utilised CRISPR-Cas9—-mediated Ago2 and Dicer
knockout macrophages. Following the successful generation of these knockout cell lines, this
chapter had three main objectives: (i) to characterise the inflammatory phenotypes of Ago2 and
Dicer knockout macrophages; (ii) to examine whether parasite-derived miRNAs are processed
through canonical or non-canonical host RNAi pathways; (iii) to determine whether canonical
parasite miRNAs and their corresponding isomiRs are processed differently by the host RNAi
machinery. Together, these approaches aim to provide mechanistic insight into how F.
hepatica-derived miRNAs engage host RNAi machinery and contribute to the modulation of

macrophage inflammatory responses.
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4.2. Methods

4.2.1. Generation of Ago2 and Dicer gene knockout (KO) macrophage cells.

Ago2 and Dicer knockout cell lines were generated in the RAW264.7 murine macrophage cell
line by the Monash Genome Modification Platform (MGMP; Monash University, Australia)
using CRISPR-Cas9 genome editing. The single-guide RNAs (sgRNAs) used for gene
targeting are listed in Table 4.1.

Clones were genotyped by PCR amplification of the sgRNAI1 target site, and knockout
candidates were further validated by sequencing. To ensure clonal purity, confirmed knockout
clones were subcloned via single-cell deposition. Subclones were subsequently genotyped and
sequenced by MGMP, and verified knockout subclones were expanded and handed over to
UTS for downstream applications. A summary of the received validated subclones is provided
in Table 4.2, and the full reports of the KO cell lines for the two genes from MGMP are
available in Appendix C and D.

4.2.2. Cell culture

Wild-type (WT) RAW264.7 cells, Ago2 knockout (KO), and Dicer KO clones were cultured
in RPMI 1640 medium (Thermo Fisher Scientific), supplemented with 10% FBS and 1% P/S,
hereafter referred to as complete medium. Cells were maintained under standard conditions at

37 °C in a humidified incubator with 5% CO..

For routine maintenance, cells were seeded in T75 tissue culture flasks and allowed to adhere.
Upon reaching approximately ~80% confluency, cells were washed twice with sterile Baxter
saline (0.9% NaCl), then gently detached using a sterile cell scraper. Detached cells were either
passaged into fresh complete media for continued culture or resuspended at required cell
number and seeded into appropriate tissue culture plates for downstream experiments. All

procedures were conducted under aseptic conditions in a Class II biosafety cabinet.
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Table 4.1. CRISPR-Cas9 sgRNAs used for the generation of Ago2 and Dicer1 gene knockouts in RAW264.7 cells.

Genomic target | Predicted cut
Gene sgRNA name Target sequence Functional effect
location® site
Second coding Between Frameshift; may
sgRNAI GTGGTGCCGAAGTCCGGCCG | exon, downstream | amino acid 29 | generate KO allele as a
of ATG and 30 single guide
Ago2
With sgRNA1, enables
~890 bp upstream ‘ . o
sgRNA2 AAGCGCCCCTCGTCAACGAA Final exon deletion of majority of
of stop codon . .
coding region
. ' Frameshift; may
Second coding Early coding
sgRNA1 GAGGTCGCCCCTGATCTGAT . generate KO allele as a
exon region _ .
single guide
Dicerl
518 bp 3'UTR/ With sgRNA1, enables
sgRNA2 ATTCCGTGCAATAGTACCCG | downstream of downstream deletion of majority of
stop codon flanking region coding region

* Genomic coordinates refer to Ensembl transcripts Ago2-201 and Dicer1-201
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4.2.3. Assessment of cell confluency

WT, Ago2 KO, and Dicer KO clones were seeded at a density of 4,000 cells per well in 96-
well plates. The following day, when cells reached ~10% confluency, real-time imaging was
initiated using the Incucyte® Live-Cell Analysis System (Sartorius). Phase-contrast images
were captured every 3 hours for up to 5 days. Image analysis using Incucyte software was

performed to plot the percentage of confluency over time.

4.2.4. CFSE cell proliferation assay

Cell proliferation was assessed using the CellTrace™ CFSE Cell Proliferation Kit (Thermo
Fisher Scientific). Briefly, 4.2 x 10° cells were resuspended in 1 mL pre-warmed PBS. To each
tube, 1 uL of CFSE stock solution (SmM in DMSO) was added (final concentration 5 pM),
and cells were then incubated at 37 °C for 10 minutes in the dark. Staining was quenched by
adding 10 mL of ice-cold complete culture medium and incubating the samples on ice for 5
minutes. Cells were then centrifuged at 300 x g for 5 minutes and washed twice with 10 mL of
complete medium to remove excess dye. Stained cells were resuspended in pre-warmed
complete medium, and 2 mL of this cell suspension (3.5 x 10° cells/mL) was seeded into 6-
well plates. Cells were then cultured under standard conditions (Section 4.2.2) and harvested
at 24 and 48 h post-seeding for analysis of proliferation by flow cytometry.

Cells were washed twice in sterile saline and finally suspended into 1 mL of FACS buffer (1x
PBS with 5% heat-inactivated FBS and 5 mM EDTA). Unstained cells served as negative
controls. Samples were analysed on a CytoFLEX LX flow cytometer (Beckman Coulter), with
CFSE fluorescence detected in the B525-40-A channel (excitation 488 nm, emission 525 + 20

nm). Data were acquired and analysed using CytExpert software.

4.2.5. Cytotoxicity Assay

Cell viability was assessed by measuring the release of LDH into cell culture media using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Cat# G1780; Promega). Cells were seeded
at 8 x 10* cells per well in 96-well plates and incubated overnight in complete media to allow
for adherence. The next day, cells were washed with sterile saline and replenished with 150 pL
of fresh complete medium. After 6 hours of incubation, culture supernatants were collected and
the levels of LDH release was measured as described in Section 3.2.4. Maximum LDH release
was obtained by lysing cells with 15 pL of the supplied 10x lysis solution (containing 9% v/v
Triton X-100). LDH release in experimental wells was expressed as a percentage of the

maximum release for each clone.
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4.2.6. Scratch Wound Assay

Cell migration was assessed using the Incucyte® Scratch Wound Assay. Cells were seeded in
96-well plates in complete media and cultured overnight to reach 100% confluency. A uniform
scratch was created in each well using the Incucyte® 96-well WoundMaker tool. Following
wounding, the wells were gently washed with serum free RPMI medium to remove detached
cells and debris. Cells were then maintained in serum-starved RPMI medium (supplemented
with 1% penicillin-streptomycin) to minimise cell proliferation and ensure that wound closure
predominantly reflected migratory activity. Live-cell imaging was performed using the
Incucyte® Live-Cell Analysis System equipped with the Scratch Wound module. Images were
captured every 2 hours for up to 48 hours. Wound closure was quantified using the Incucyte
software to calculate the percentage of wound area over time, enabling comparison of

migratory capacity between WT and KO clones.

4.2.7. Phagocytosis Assay

The phagocytic capacity of WT and KO clones was assessed using pHrodo™ Red Escherichia
coli Bioparticles (Thermo Fisher Scientific), which fluoresce upon internalisation into acidic
phagosomes. Lyophilised pHrodo™ Red E. coli Bioparticles were reconstituted in pre-warmed
R10 medium to a stock concentration of 1 mg/mL. The suspension was vortexed, transferred
to a glass tube, and sonicated for 10 minutes to disperse aggregates. The stock solution was

diluted to a working concentration of 200 pg/mL.

For flow cytometry, cells were seeded at a density of 4 x 10° cells per well in 24-well plates in
500 pL of complete RPMI medium supplemented with 10% foetal bovine serum (R10 medium)
and incubated overnight to allow adherence. Cells were then washed once with sterile saline
and incubated with 500 pL of the diluted pHrodo™ suspension for 1 hour at 37 °C in a
humidified incubator with 5% CO.. Following incubation, cells were washed twice with sterile
saline to remove uninternalised particles and replenished with fresh R10 medium. Cells were
then harvested, centrifuged at 300 % g for 5 minutes at 4 °C, and washed twice with ice-cold
phosphate-buffered saline (PBS). Cell pellets were resuspended in 500 uL. of FACS buffer.
Negative controls (cells incubated with pHrodo™ particles on ice) and unstained cells (cells
not treated with pHrodo™) were included to control for background fluorescence. Flow
cytometry was performed using a CytoFLEX LX cytometer (Beckman Coulter), with
pHrodo™ Red detected in the Y585-42 channel (excitation 561 nm, emission 585 + 21 nm).
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For imaging, the phagocytosis assay was performed in black-walled, clear-bottom 96-well
plates. Cells were seeded overnight at a density of 8 x 10* cells per well, treated with 200
ng/mL pHrodo™ Red E. coli Bioparticles for 1 hour at 37 °C, washed twice with sterile saline,
and replenished with fresh R10 medium. Images were acquired using an EVOS™ FL
fluorescence microscope (Thermo Fisher Scientific) with the RFP channel (excitation 530 nm,

emission 593 nm) overlaid on phase-contrast images, using a 10x objective lens.

4.2.8. Assessment of the inflammatory response of WT and KO clones

WT and KO clones were seeded at 7 x 10° cells in 2 mL complete media in a 6 well plate. At
48 hours, cells were washed with saline twice and stimulated with E. coli lipopolysaccharide
(LPS; 20ng/ml; 011:B4 strain). Culture supernatants were collected at 6 h post LPS stimulation
for analysis of cytokine secretion. Cells were then washed to remove LPS, and harvested in 1
mL of fresh medium on ice, followed by two washes with 1 mL of 1x PBS by centrifugation
at 300 x g. During the second wash, an aliquot of 20 pL of the cell suspension was pelleted and
stored at -80 °C for the CyQUANT assay. The remaining cells were centrifuged, and the pellet
was resuspended in 500 pL of RNAzol RT and stored at -80 °C for subsequent RNA isolation.

The quantification of TNF and IL6 secreted into the supernatants was measured by ELISA as
described in Section 3.4.5.

RNA was extracted from cells to evaluate the expression of predicted host target genes of fhe-

miR-125b via qPCR, as detailed in Sections 3.4.6 and 3.4.8.

4.2.9. Quantification of cell number using CyQUANT Assay

Cell numbers were quantified using the CyQUANT® Cell Proliferation Assay Kit (Thermo
Fisher Scientific) following the manufacturer’s instructions. The CyQUANT working solution
was prepared by diluting the stock solution 1:400 in freshly prepared 1x lysis buffer and was
protected from light until use. For the preparation of the cell number standard curve,
RAW264.7 cells (5 x 10°) were washed in 1x PBS, pelleted, and stored at —80 °C. Prior to the
assay, cell pellets were thawed at room temperature, resuspended in 1 mL of CyQUANT
working solution, and serial dilutions were prepared to achieve a range of 50 to 50,000 cells
per well in 200 pL in duplicate. Wells containing CyQUANT working solution without cells
served as blanks. For experimental samples, cell pellets were thawed and resuspended in 420

uL CyQUANT working solution. Aliquots of 200 puLL were transferred, in duplicate, to black
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96-well microplates. Samples were incubated for 2-5 minutes at room temperature, protected
from light, and fluorescence was measured at 480 nm excitation and 520 nm emission. Cell

numbers were calculated by reference to the standard curve.

4.2.10. Transfection of Fasciola hepatica miRNA mimics

WT, A3 (Ago2 KO subclone), and D3 (Dicer KO subclone) were seeded at 7 x 10° cells in 2
mL complete media in a 6 well plate overnight. Cells were then transfected with F. hepatica
mature miRNA the-miR-125b-5p canonical (Can) and isomiR (Iso) mimics (20 nM) for 24
hours, followed by E. coli LPS (20 ng/mL) stimulation for 6 hours as detailed in Section 3.4.3.
Cytokine secretion was quantified by ELISA, and the expression of endogenous genes were

measured by RT-qPCR as previously described in Sections 3.4.5, 3.4.6 and 3.4.8.

4.2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism software (version 10).
Comparisons between treatment groups were conducted using one-way ANOVA, two-way
ANOVA, and/ or Student unpaired t-tests, as specified in the figure legends. Results were

considered statistically significant at p < 0.05.
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4.3. Results

4.3.1. Generation of Ago2 and Dicer gene knockout RAW264.7 murine macrophage cells
To investigate whether host Ago2 and Dicer are required for the maturation and RNA1 activity
of the Fasciola hepatica-derived the-miR-125b in host cells, we aimed to generate Ago2 and
Dicer knockout cell lines. As this was not feasible in primary macrophages, the RAW264.7
macrophage cell line was selected as a model, as these are a commonly used cell line for in
vitro analysis of macrophage inflammatory responses. However, while this cell line closely
mimics the activity of BMDMSs, they have some phenotypical and functional differences
compared to primary cells [322, 323]. Before embarking on the creation of KO cells, the effect
of transfection with the Fasciola miRNAs was first tested to ensure their regulatory activity
was also evident in these cell lines. Mimicking the experimental conditions used in BMDMs
to induce an M1 phenotype with LPS, RAW264.7 cells responded similarly to BMDMs, with
elevated secretion of the proinflammatory cytokines TNF and IL6 (Figure 3.5). However, the
levels of TNF and IL6 differed from those in BMDMs, with RAW264.7 cells producing much
higher quantities of TNF and lower amounts of IL6, likely reflecting the acknowledged
differences in phenotype and biological activity between immortalized macrophage cell lines
and primary BMDMs. Nonetheless, using this model, fhe-miR-125b-5p exerted a suppressive
effect on LPS-induced cytokine production (Figure 4.1) comparable to that observed in
BMDMs (Chapter 3). Specifically, TNF expression was significantly reduced by the isomiR
(Figure 4.1A), whereas IL6 was significantly suppressed by both the canonical and isomiR
mimics (Figure 4.1B). These results supported the use of RAW264.7 cells to examine whether

Ago2 and Dicer are required for the function of parasite-derived miRNAs in host macrophages.

The Monash Genome Modification Platform (Monash University, Australia) was contracted to
generate CRISPR-Cas9-mediated knockouts of Ago2 and Dicer in RAW264.7 cells. From this
effort, three Ago2 homozygous KO subclones (A2, A3, and AS), three Dicer homozygous KO
subclones (D1, D2, and D3), and one heterozygous Dicer KO clone (DH) were obtained (Table
4.2). Knockout status was verified by PCR and sequencing (Table 4.2; Appendix C, D). All
three Ago2 KO clones (A2, A3, AS) were derived from a single Ago2 KO clone and carried a
37 bp deletion at the sgRNAL site, together with a 1 bp insertion at the second target site. The
three Dicer homozygous KO subclones were derived from three distinct clones and exhibited
distinct disruptive mutations: D1 carried a large 40,098 bp deletion at sgRNAI and a 1 bp
insertion at the second site; D2 had a 40,008 bp deletion at sgRNA1 and a 5 bp deletion at the
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second site; and D3 harboured a 40,223 bp deletion with a single base change upstream of
sgRNA1 and a 5 bp deletion at the second site. The heterozygous Dicer KO (DH) contained a
40,002 bp deletion at sgRNAT but retained a wild-type allele at the second site. Collectively,
these sequencing results confirmed successful generation of both Ago2 and Dicer KO

RAW264.7 subclones for downstream functional assays.
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Figure 4.1. LPS induced proinflammatory cytokines were downregulated by fhe-miR-125b-
5p in RAW264.7 murine macrophage cell line. RAW264.7 cells were transfected with canonical
(Can) and isomiR (Iso) mimics of fhe-miR-125b-5p (20 pmol/mL) and after 24 h, cells were
stimulated with LPS (20ng/mL) for 6 h. Secretion of TNF (A) and IL6 (B) in the culture
supernatant was quantified by ELISA. Data are presented as mean (n = 3 technical replicates)
+ SEM. Statistical analysis was performed using one-way ANOVA followed by Student’s
unpaired t-test; *p < 0.05, ****p < 0.00005.
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Table 4.2. Ago2 and Dicer1 gene knockout subclones in RAW264.7 cells received from the Monash Genome Modification Platform

(Monash University, Australia)

Allele 1 Allele 2
Sub-clones received Sub-clone ID WT PCR Mutation at sgRNA1 site | WT PCR | Mutation at sgRNAI site

37bp deletion . .
Ago2 subclone 82-2 homozygous KO A2 597bp 635bp 1bp insertion

(-41bp/+4bp)

37bp deletion . .
Ago2 subclone 82-3 homozygous KO A3 597bp 635bp 1bp insertion

(-41bp/+4bp)

37bp deletion . .
Ago2 subclone 82-5 homozygous KO A5 597bp 635bp 1bp insertion

(-41bp/+4bp)

Dicerl subclone 22-21 homozygous KO Dl 707bp 40098bp 564bp 1bp insertion
Dicerl subclone 166-1 homozygous KO D2 797bp 40008bp 558bp Sbp deletion
) 40223bp (1bp change )
Dicerl subclone 173-1 homozygous KO D3 582bp 558bp Sbp deletion

upstream of the mutation)
Dicerl subclone 203-1 heterozygous KO DH 803bp 40002bp 563bp WT
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4.3.2 Growth dynamics of the Ago2 and Dicer gene knockout (KO) RAW264.7
macrophage subclones

To determine whether selecting Ago2 or Dicer had a deleterious effect on the expected biology
of the RAW264.7 cells, several phenotypic and functional characteristics of macrophages were
profiled prior to using them for experimental work. Cell confluency of the KO subclones was
compared with the parental WT cells using Incucyte live-cell imaging. Among the Ago2 KO
clones, A2 and A3 exhibited confluency patterns comparable to WT, whereas A5 showed
reduced growth, becoming evident from day 3 onwards (Figure 4.2A). For the Dicer KO
clones, D1 and the heterozygous clone DH displayed growth rates like WT, while D2 and D3
demonstrated markedly slower proliferation from 24 h (Figure 4.3A). Cytotoxicity levels
remained minimal (< 8%) and comparable across all KO and WT cells (Figure 4.2B, 4.3B),
indicating that loss of Ago2 or Dicer did not compromise cell viability. Notably, while
confluency appeared similar to WT in some clones, all KO lines displayed a modest but
consistent reduction in proliferation, more pronounced at 48 h compared to 24 h (Figure 4.2C,
4.3C). Together, these data indicate that disruption of the miRNA biogenesis machinery slows

macrophage proliferation without affecting viability.

4.3.3. Ago2 and Dicer KOs differentially influence macrophage migration while
preserving phagocytic function

To evaluate whether Ago2 and Dicer deficiency affected the essential effector roles of
macrophages, two key functions — migration and phagocytosis, were examined. Migration of
cells was assessed via a wound healing assay, in which Ago2 KO subclones, A2 and A3
exhibited migration comparable to WT, whereas A5 showed significantly reduced wound
closure, indicating impaired motility (Figure 4.4A). Among the Dicer KO subclones, both D2
and D3 displayed accelerated wound closure from 6 h and 24 h post-wounding respectively,
while D1 and the heterozygous clone DH migrated at rates that were similar to WT (Figure

4.5A).
Phagocytosis of pHrodo-labelled bioparticles was comparable across all Ago2 and Dicer KO

clones, indicating that disruption of the miRNA biogenesis machinery does not affect the

phagocytic capacity of macrophages in the RAW264.7 cells (Figure 4.4B, C; Figure 4.5B, C).

129



@ ®
=] =]

N
o

S

% Cytotoxicity
N
4‘

% Confluence

o

WT A2 A3 A5

C 1 24h ey 48h

Count

o

CFSE B525-40-A CFSE BA25-40-A

D 1 24 h 81 48h

Court

10°
CFSE BE25-40-4 CFSE BA25-40-4

E| -] 24h ] 48h

W AT
w2

200
N

W wT3
Eas1
Casz
[ ]

Count
Count

o

CFSE B525-40-A CFSE B525-40-A

Figure 4.2. Characterization of Ago2 KO cell growth dynamics. (A) Cell confluency over
time. 4000 cells were seeded per well of a 96 well plate overnight before imaging with the
Incucyte every 3 h for four days. Percentage confluence was quantified using the Incucyte
image analysis module. Data are presented as mean £ SEM (n = 3 technical replicates). (B)
Cytotoxicity assay. Cell death was quantified as the percentage of maximum LDH release.
Data are shown as mean = SEM (n = 3 technical replicates). Statistical significance was
assessed by one-way ANOVA followed by Student’s unpaired t-test. (C—E) CFSE-based cell
proliferation assay. Fluorescence histograms of CFSE intensity in Ago2 KO clones A2 (C), A3
(D), and A5 (E) compared with WT cells at 24 h (left) and 48 h (right), with peaks indicating
dye dilution corresponding to successive cell divisions. Individual technical replicates are

shown (n = 3).
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Figure 4.3. Characterization of Dicer KO cell growth dynamics. (4) Cell confluency over
time. 4000 cells were seeded per well of a 96 well plate overnight before imaging with the
Incucyte every 3 h for four days. Percentage confluence was quantified using the Incucyte
image analysis module. Data are presented as mean £ SEM (n = 3 technical replicates). (B)
Cytotoxicity assay. Cell death was quantified as the percentage of maximum LDH release.
Data are shown as mean = SEM (n = 3 technical replicates). Statistical significance was
assessed by one-way ANOVA followed by Student’s unpaired t-test. (C—E) CFSE-based cell
proliferation assay. Representative fluorescence histograms of CFSE intensity in Dicer KO
clones: D1 (C), D2 (D), and D3 (E) compared with WT cells at 24 h (left) and 48 h (right). X-
axis: CFSE fluorescence (log scale); Y-axis: event count. Peaks indicate dye dilution

corresponding to successive cell divisions. Individual technical replicates are shown (n = 3).
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Figure 4.4. Functional characterization of Ago2 KO macrophage clones. (A) Scratch wound
assay. Confluent monolayers in 96-well plates were scratched and imaged every 3 h for up to
36 h using the Incucyte. Percentage wound closure was quantified with the Incucyte analysis
module. Data are presented as mean + SEM of technical replicates (n = 12 technical
replicates). (B) Phagocytosis assay. Uptake of pHrodo Red E. coli bioparticles (200 ug/mlL)
by Ago2 KO clones was measured as the percentage of phagocytic cells at 1 h. Data are shown
as mean = SEM (n = 3 technical replicates). (C) Representative fluorescence image of bead

uptake at 1 h, acquired with a 10% objective.
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Figure 4.5. Functional characterization of Dicer KO macrophage clones. (A) Scratch wound
assay. Confluent monolayers in 96-well plates were scratched and imaged every 3 h for up to
36 h using the Incucyte. Percentage wound closure was quantified with the Incucyte analysis
module. Data are presented as mean + SEM of technical replicates (n = 12 technical
replicates; for D2 and D3, n = 6 technical replicates). (B) Phagocytosis assay. Uptake of
pHrodo Red E. coli bioparticles (200 ug/mL) by Ago2 KO clones was measured as the
percentage of phagocytic cells at 1 h. Data are shown as mean £ SEM (n = 3 technical
replicates). (C) Representative fluorescence image of bead uptake at 1 h, acquired with a 10 %

objective.
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4.3.4. Loss of Ago2 dampens, while loss of Dicer exaggerates, proinflammatory responses
to LPS

The KO subclones were next evaluated for their inflammatory response to E. coli LPS. All
three Ago2 KO clones exhibited TNF production comparable to WT cells (Figure 4.6A). In
contrast, the three Dicer homozygous KO subclones produced over threefold higher TNF levels
in response to LPS, whereas the heterozygous Dicer clone (DH) responded similarly to WT
(Figure 4.6C). Analysis of IL6 secretion revealed that while IL6 was induced in response to
LPS in both the Ago2 KO clones and Dicer KO clones, this increase was less than half the
elevated level of IL6 observed in WT cells, with the exception of D1, which secreted IL6 at
levels comparable to WT (Figure 4.6B, D). These findings indicate that both Ago2 and Dicer
contribute to IL6 secretion in response to LPS, whereas TNF regulation is primarily influenced

by Dicer in RAW264.7 macrophages.

The expression of selected the-miR-125b target genes associated with proinflammatory and
M1 macrophage responses (identified in Chapter 3) was next examined. In WT cells, LPS
stimulation induced significant upregulation of Stat3 and Nod! (Figures 4.7B, C; Figure 4.8B,
C), while Hifla, Pinl, and Runxl expression remained comparable to untreated controls
(Figure 4.7 A, D, E; Figure 4.8A, D, E). In contrast, P2rx7 expression was significantly
downregulated following LPS treatment (Figure 4.7F; Figure 4.8F).

In the Ago2 KO clones, gene expression changes were similar or reduced compared to WT,
consistent with the cytokine secretion profile (Figure 4.7A-F). The LPS-induced upregulation
of Stat3 and Nod1 observed in WT cells was absent in all three Ago2 KO clones (Figures 4.7B,
C). P2rx7 expression was further downregulated in the Ago2 KOs, with A2 and A3 showing
significantly lower levels than LPS treated WT cells (Figure 4.7F), while the reduction in A5
did not reach significance (p = 0.07). RunxI was also consistently downregulated in all three
Ago2 KO clones in response to LPS, with levels significantly lower than WT (Figure 4.7E).
Hifla expression was variable across clones: A5 responded to LPS similarly to WT, showing
a slight but non-significant increase (p = 0.14), whereas A3 displayed significant
downregulation, and both A2 and A3 had significantly lower Hifla levels compared to LPS-
treated WT (Figure 4.7A).

In contrast, but consistent with the cytokine data, the Dicer KO clones exhibited an exaggerated

proinflammatory transcriptional response (Figure 4.8 A-F). All three homozygous Dicer KO
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clones showed stronger upregulation of Stat3 and Pinl (> 1.5-fold higher than WT) following
LPS stimulation (Figure 4.8B, D). Hifla and Nodl were also elevated in D2 and D3, whereas
D1 responded similarly to WT (Figure 4.8A, C). Unlike WT and Ago2 KO, P2rx7 expression
was not downregulated in any of the homozygous or heterozygous Dicer KO clones after LPS
treatment (Figure 4.8F). Runx/ expression remained unchanged in response to LPS across the
Dicer KOs; however, basal Runx/ levels were elevated in the homozygous clones (Figure
4.8E). Unlike the Dicer homozygous KOs, the heterozygous Dicer clone (DH) displayed gene
expression profile broadly comparable to WT (Figure 4.8A-F).

4.3.5. Selection of subclones A3 and D3 as representative Ago2 and Dicer KOs

To study the effect of fhe-miR-125b in Ago2 KO and Dicer KO macrophages, representative
clones were selected to capture the defining knockout features while limiting clone-specific
confounders. Clone A3 was selected as the representative Ago2 KO line. In contrast to AS,
which displayed reduced proliferation and impaired migration, A3 exhibited growth and wound
healing responses comparable to WT cells (Figure 4.2A; Figure 4.4A). Functionally, A3
recapitulated the defining Ago2-deficient phenotype, showing WT-like TNF secretion with
reduced IL6 production (Figure 4.6A, B), absence of LPS-induced Stat3 and Nod I upregulation
(Figure 4.7B, C), and a more pronounced downregulation of P2rx7 relative to WT (Figure
4.7F). Furthermore, unlike A2, which showed lower basal expression of Stat3, Pinl, P2rx7
compared to WT in the untreated cells, A3 maintained basal expression levels closer to WT for
all genes (Figure 4.7A-F). Together, these features indicate that A3 captures the canonical

Ago2 loss profile while minimising clone-specific confounders.

For the Dicer KO, clone D3 was selected as the representative homozygous line. D3 exhibited
a consistent Dicer-null phenotype, characterised by a 4.3-fold increase in TNF induction
(Figure 4.6 C), a 0.15-fold reduction in IL6 secretion (Figure 4.6D), exaggerated LPS responses
for Stat3 and Pinl (> 1.7-fold relative to WT), elevated Hifla and Nod1 expression, and failure
to downregulate P2rx7 following LPS stimulation (Figure 4.8 A-F). These transcriptional
changes were consistent with other homozygous Dicer KOs, while the basal expression of these
genes in D3 remained similar to WT. Compared with D1, which often behaved like WT, and
D2, which displayed very enhanced migration, D3 most reliably reflected the core

transcriptional and inflammatory features of Dicer deficiency without outlier behaviour.
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Figure 4.6. Proinflammatory cytokine production by Ago2 KO and Dicer KO clones. (4, B)

Ago2 KO and (C, D) Dicer KO macrophages were stimulated with LPS (20ng/mL) for 6 h.

Secretion of TNF (4, C) and IL6 (B, D) in the culture supernatant was quantified by ELISA

and normalized to cell number at the time of collection. Data are presented as mean = SEM

from six replicates from two independent experiments. Statistical analysis was performed using

two-way ANOVA followed by Student’s unpaired t-test; *p < 0.05, **p < 0.005; ***p <

0.0005; ****p < 0.00005.
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Figure 4.7. Assessment of M1 polarization and proinflammatory gene expression in Ago2
KO macrophages in response to LPS. Gene expression was measured by gPCR in untreated
and cells treated with LPS (20ng/mL) for 6 h. Expression levels are presented as starting
quantities (No) using LinRegPCR (v.11.). Data are presented as mean = SEM from six
replicates pooled from two independent experiments. Mean + SEM are shown. Statistical
analysis was performed using two-way ANOVA followed by Student’s unpaired t-test; *p <
0.05, **p < 0.005; ***p < 0,0005; ****p < 0.00005.
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Figure 4.8. Dicer KO macrophages had elevated proinflammatory gene expression in
response to LPS compared to WT. Gene expression was measured by gPCR in untreated cells
and cells stimulated with LPS (20 ng/mL) for 6 h. Expression levels are reported as starting
quantities (No) calculated using LinRegPCR (v11). Data are presented as mean £ SEM from
six replicates pooled from two independent experiments. Statistical analysis was performed

using two-way ANOVA; *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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4.3.6. Functional activity of fhe-miR-125b-5p was preserved in Ago2- and Dicer-deficient
macrophages

To assess whether Ago2 and Dicer are required for the activity of worm-derived miRNAs in
host cells, WT, Ago2 KO (A3), and Dicer KO (D3) RAW264.7 cells were transfected with
canonical and isomiR mimics of the-miR-125b-5p for 24 hours, followed by LPS stimulation
for 6 hours. As expected, both the canonical and isomiR mimic of the-miR-125b suppressed
TNF in WT cells (Figure 4.9A; Figure 4.10A). Similarly, in Ago2 KO cells, both mimics
suppressed TNF to a similar extent (Figure 4.9B). However, when fold change relative to LPS
treated controls was examined, the canonical mimic exhibited a significantly greater effect in
the Ago2 KO compared with WT (Figure 4.9D). Notably, in Dicer KO cells, both the canonical
and isomiR mimics produced a significantly stronger suppression of TNF than in WT cells
(Figure 4.9C, D). IL6 secretion was also reduced by both mimics in Ago2 KO cells (Figure
4.10 B), comparable to WT (Figure 4.10A, D), whereas IL6 levels in Dicer KO cells remained
undetectable even after LPS stimulation, consistent with the very low levels produced by these
KO clones. These findings indicate that F. hepatica-derived mature miRNAs do not require
Ago?2 or Dicer to exert their function in host cells. In contrast, the comparator mimic, mmu-
miR-23a, upregulated TNF and IL6 in WT cells (Figure 4.9A; Figure 4.10A) but failed to do
so in both Ago2 and Dicer KO cells (Figure 4.9B-D; Figure 4.10B-D), suggesting that, unlike
the-miR-125b, miR-23a may require Ago2 and Dicer for its proinflammatory activity in

macrophages.

Building on the previous observation that the-miR-125b downregulates specific predicted
targets in LPS-stimulated bone marrow derived macrophages (BMDMs) (Chapter 3), and given
that these genes were also upregulated by LPS in at least one of the three cell types (WT, Ago2
KO, Dicer KO) (Figure 4.7; Section 4.3.5), four candidate genes — Hifla, Nodl, Stat3, and

Pinl were selected for further analysis.

In WT cells, consistent with earlier findings, Stat3 and Nodl were significantly upregulated
following LPS stimulation (Figure 4.11D, G), although neither gene was repressed by the the-
miR-125b mimics. The expression of Hifla and Pinl was not significantly altered by LPS, and
was unchanged following transfection of the parasite mimics (Figure 4.11A, J). In Ago2 KO
cells, only Nodl was induced by LPS, and while the canonical mimic showed no effect, the
isomiR significantly suppressed Nodl expression compared with the LPS-treated no-mimic

control (Figure 4.11E). On the other hand, LPS had no significant impact on Hifla, Stat3, or
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Pinl expression in Ago2 KO cells, and correspondingly, the mimics had no measurable effect

(Figure 4.11B, H, K).

In contrast, Dicer KO cells displayed a robust transcriptional response to LPS, with marked
upregulation of Hifla, Nodl, and Stat3 (Figure 4.11C, F, I). Under these conditions, both the
the-miR-125b mimics strongly repressed all three genes. Pinl expression was modestly
increased by LPS, although not significantly (p = 0.07), and neither mimic produced a
significant repression (Figure 4.11L). The canonical and isomiR mimics exhibited comparable
repression of all four target genes in Dicer KO cells, consistent with previous findings in
BMDMs under the same experimental conditions (LPS stimulation for 6 h), suggesting that

both mimics retain equivalent functional activity in the absence of Dicer.

Consistent with the results in BMDMs (Chapter 3), mmu-miR-23a did not alter the expression
of the four target genes in WT or Ago2 KO cells (Figure 4.11A-L). However, in Dicer KO
cells, although mmu-miR-23a failed to influence LPS-induced TNF and IL6 production (in
contrast to WT), its transfection unexpectedly led to the downregulation of the four measured
the-miR-125b target genes. Given the established proinflammatory role of mmu-miR-23a, this
paradoxical repression is unlikely to be a direct effect of the mimic itself. Instead, it may reflect
compensatory regulatory mechanisms triggered by the heightened basal inflammation
associated with Dicer deficiency. In this altered context, secondary pathways such as enhanced
activity of negative feedback regulators (e.g., suppressors of cytokine signalling) may be

activated to limit further escalation of the inflammatory response.
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Figure 4.9. fhe-miR-125b-5p repressed LPS-induced TNF secretion in Ago2 and Dicer KO
cells. WT, Ago2 KO and Dicer (Dcr) KO macrophages were transfected with canonical (Can)
and isomiR (Iso) mimics of fhe-miR-125b-5p (20 pmol/mL) or mmu-miR-23a-3p. After 24 h,
cells were stimulated with LPS (20 ng/mL) and 6 hours later, the secretion. of TNF was
measured in the cell supernatants by ELISA. TNF concentration normalised to cell number for
each cell type at the time of supernatant collection in (4) WT, (B) Ago2 KO and (C) Dcr KO
cells (n = 3 from 1 experiment). (D) Comparison of mimic effects across the three cell types
shown as fold change in TNF concentration relative to LPS-stimulated vehicle controls for
each cell type (n = 6, pooled from two independent experiments, except for miR-23a which had
n = 3 from one experiment). Data are presented as mean + SEM. Statistical analysis was

performed using two-way ANOVA; ** p < 0.005, ***p < 0.0005, ****p < 0.00005.
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Figure 4.10. fhe-miR-125b-5p repressed LPS-induced IL6 secretion in Ago2 KO cells. WT,
Ago?2 KO and Dicer KO macrophages were transfected with canonical (Can) and isomiR (Iso)
mimics of fhe-miR-125b-5p (20 pmol/mL) or mmu-miR-23a-3p. After 24 h, cells were
stimulated with LPS (20 ng/mL) and 6 hours later, the secretion of IL6 was measured in the
cell supernatants by ELISA. IL6 concentration normalised to cell number at the time of
supernatant collection in (A) WT, (B) Ago2 KO cells. IL6 was undetectable in Dicer KO cells;
(D) Comparison of mimic effects across the cell types shown as fold change in IL6
concentration relative to LPS-stimulated vehicle controls for each cell type. Data are presented
as mean = SEM (n = 6, pooled from two independent experiments, except for miR-23a which

had three replicates from one experiment). Statistical analysis was performed using two-way

ANOVA; ****p < 0.00005.
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Figure 4.11. Assessment of fhe-miR-125b-5p mediated suppression of endogenous target
genes in Ago2 and Dicer KO macrophages. WT, Ago2 KO, and Dicer (Dcr) KO cells were
transfected for 24 h with canonical (Can) or isomiR (Iso) mimics of fhe-miR-125b-5p (20
pmol/mL), or with a control mimic (mmu-miR-23a), followed by LPS stimulation (20 ng/mL)
for 6 h. gPCR analysis was performed using LinRegPCR (v.11), with expression levels (No)
reported as fold change relative to LPS stimulated controls without mimic. Data are shown as
mean + SEM (n = 6, combined from two experiments;, miR-23a, n = 3 from one experiment).
Statistical analysis was performed using two-way ANOVA followed by Student’s unpaired t
test. **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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4.4. Discussion

This chapter sought to elucidate the distinct roles of the miRNA biogenesis components
Argonaute 2 (Ago2) and Dicer in processing parasite-derived miRNAs within host
macrophages using CRISPR-Cas9 knockout RAW264.7 murine macrophage cells. The
primary findings demonstrate that knockout (KO) of Ago2 or Dicer impairs cell proliferation,
alters LPS-induced proinflammatory responses in unique ways, and that the Fasciola-derived
miRNA, the-miR-125b-5p, maintains immune regulatory activity even in the absence of these

core RNA interference (RNAI1) proteins.

Characterization of Ago2- and Dicer-deficient macrophages revealed reduced proliferation
with cell confluence equal to, or lower than, wild-type (WT) controls, consistent with previous
reports linking Ago2 or Dicer loss to delayed proliferation via impaired miRNA processing
and downstream effects on cell cycle regulators [130, 324-329]. Importantly, cell viability

remained unchanged indicating reduced proliferation was not due to cytotoxicity.

Phagocytic activity remained unaffected in both Ago2 and Dicer KO macrophages, suggesting
that this evolutionarily ancient and fundamental macrophage function is likely robust to
disruptions in RNA interference pathways. In contrast to this data, it has been reported that
Dicer-deficient primary murine macrophages show increased uptake of dextran, albeit via
endocytosis rather than phagocytosis [330]. It is possible that this variability in observations
arise from differences between immortalized RAW264.7 cells and primary macrophages, with
the latter generally displaying higher phagocytic efficiency and more physiologically relevant
responses due to inherent variation in receptor expression and signalling pathways
[331]. Furthermore, other studies have reported a reduced uptake of myelin debris and
apoptotic cells in Dicer-deficient macrophages [332, 333], which may reflect the distinct
mechanisms employed for bacterial versus endogenous target uptake. While phagocytosis of
bacteria like E. coli is a rapid, pathogen clearance function relying on recognition of conserved
microbial patterns, clearance of cellular remnants requires more complex signalling, metabolic
input, and M2-like reprogramming [334]. Collectively, these inconsistencies likely reflect

differences in the targets assessed, the pathways engaged, and the cellular context.

The second functional assessment showed a variable effect of Ago/Dicer deficiency in

macrophage migration, with some KO clones resembling WT, one Ago2 KO clone showing
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reduced migration, and two Dicer KO clones displaying enhanced migration. miRNAs are
well-established regulators of macrophage migration, and distinct miRNA signatures in
conditions such as diabetes and atherosclerosis have been shown to alter migratory capacity
compared to healthy cells [335, 336]. Consistent with this, the effects of Ago2 or Dicer ablation
vary across cell types. For instance, Ago2 deficiency reduces migration in colorectal cancer
cells [326] whereas in brain cancer cell promotes cell migration [337]. Similarly, Dicer ablation
delays migration in T cells, and hepatocellular carcinoma cells [338, 339], yet enhances
migration in tumour cell lines such as MCF-7, U251, and 7901 [340]. These findings highlight
the tissue- and context-specific roles of Ago2, Dicer, and miRNAs in dynamically regulating
cell migration. As such, the variability observed among Ago2 and Dicer KO subclones in this

study likely reflects clonal heterogeneity.

Non-isogenic parental cell lines were used for the generation of Ago2 and Dicer knockouts,
which would have permitted background genetic differences to be propagated and amplified
during clonal selection. This highlights the importance of employing isogenic cell lines when
dissecting the functional consequences of gene loss. Additional factors, such as compensatory
adaptations, incomplete knockout efficiency, or stochastic effects introduced during
CRISPR/Cas9 editing, may also have contributed, limitations that have been widely recognised
in genome editing studies [341]. Although the KO clones were validated at the sequence level,
confirmation of the absence of Ago2 and Dicer protein expression by Western blot remains

necessary to fully validate the absence of these proteins.

The Ago2 and Dicer KO cells displayed divergent proinflammatory responses compared to
WT cells. Ago2 deficiency dampened IL6 production and altered transcriptional responses,
with Stat3 failing to show any induction above basal levels and Nodl upregulated only
modestly compared to the stronger induction observed in WT cells, while TNF secretion
remained unaffected. This mirrors previous findings showing mutation of Ago2 (that impairs
miRNA binding) in macrophages dampens expression of IL6 and IL18, while leaving TNF
unchanged [313]. miRNAs are well established regulators of the IL6/JAK/Stat3 pathway [342].
Thus, the suppressed IL6 production and lack of Stat3 induction are reflective of broader
disruption of this regulatory axis following Ago2 loss, with reduced IL6 further compounding
the effect, as IL6 is a key driver of Stat3 activation [343]. Similarly, miRNAs and Nod!
participate in a tightly regulated feedback loop, regulating one another to balance immune gene

expression and inflammation [344, 345], the reduced Nod! induction in response to LPS may
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reflect disruption of this regulatory balance in the Ago2 KO cells. Attenuated Nod! signalling
could then contribute to the reduced IL6 production [346, 347], reinforcing the dampened

proinflammatory profile observed in the Ago2-deficient macrophages.

In contrast, Dicer KO exaggerated TNF secretion while reducing IL6 and enhanced expression
of Stat3, Nodl, Pinl, and Hifla. This phenotype is consistent with other studies that have
shown that disruption of Dicer in macrophage leads to heightened proinflammatory M1
phenotype, that has been characterised for Dicer in balancing macrophage polarization,
mediating the balance between pro-inflammatory (M1) and anti-inflammatory (M2) state [320,
330, 348, 349]. Supporting this, Dicer heterozygous macrophages largely resembled WT cells
in proliferation, confluence, and LPS responsiveness, with the notable exception of reduced
IL6 secretion, which mirrored the Dicer homozygous KO phenotype. This suggests that while
most cellular functions can tolerate partial loss of Dicer, IL6 production is particularly sensitive
to reduced abundance of Dicer, reflecting the complex transcriptional and epigenetic
mechanisms governing IL6 regulation and the fine balance required for effective inflammatory

resolution [350, 351].

While both RAW264.7 cells and bone marrow derived macrophages (BMDMSs; Chapter 3)
responded to LPS with increased proinflammatory cytokine secretion and gene induction,
notable differences were observed in the magnitude and profile of these responses. These
differences reflect fundamental distinctions between primary macrophages and immortalised
tumour-derived cell lines, underscoring the limitations of using immortalised cells as
surrogates for primary macrophages, although they remain indispensable for functional studies

requiring stable genetic knockouts.

Importantly, the three targets suppressed by the-miR-125b mimics in BMDMSs, Hifla, Stat3,
and Nodl were not repressed in WT RAW264.7 cells. The lack of Hifla repression may be
attributed to its absence of LPS induced upregulation, whereas Stat3 and Nodl were
significantly induced by LPS but remained unaffected by the mimics. In Dicer KO cells,
however, strong suppression of all four genes, Hifla, Stat3, Nodl, and Pinl was observed,
coinciding with their more robust LPS induced upregulation compared with WT cells. This
pattern suggests that greater induction of proinflammatory target genes may be required for
the-miR-125b mimics to exert detectable suppression. Varying the dose or duration of LPS

stimulation or applying additional ligands (e.g. IFNy) for stronger proinflammatory gene
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induction, could clarify this threshold effect. Moreover, the suppression of these genes in Dicer
KO cells, and the selective suppression of Nod! the only gene upregulated in Ago2 KO cells
by the the-miR-125b isomiR, may reflect increased availability of the RNAi machinery due to
disrupted miRNA biogenesis in these knockouts. Reintroducing Dicer or Ago2 into the KO
cells would provide a means to validate this. Further, transcriptomic profiling of these cells,
with and without the-miR-125b mimic treatment, would provide broader insights into global
gene expression changes in WT versus knockout backgrounds and clarify the specific targets

modulated by the mimic in this experimental system.

A pivotal outcome of this study is the finding that fhe-miR-125b-5p retained immune-
regulatory activity despite Ago2 or Dicer ablation. These findings suggest that parasite
miRNAs may not be strictly dependent on these host components and may retain function
through redundant or non-canonical mechanisms. In mammalian cells, Ago2 loss impairs but
does not abolish miRNA function due to compensatory activity from the remaining Ago
proteins (Agol, Ago3, and Ago4) [311, 352, 353]. Notably, Agol expression has been shown
to increase following Ago2 ablation in various cell types [354, 355]. This raises the possibility
that fhe-miR-125b’s regulation of proinflammatory genes is not necessarily reliant on Ago2’s
catalytic slicing activity, which mediates irreversible mRNA degradation, and that the parasite

miRNA may instead engage alternative Ago proteins to exert its regulatory effects.

Differences between the canonical and isomiR forms of the-miR-125b in in Ago2 KO cells
further supports this. The canonical miRNA suppressed TNF more effectively than in WT,
while the isomiR, but not the canonical mimic, repressed Nod! in the absence of Ago2. These
discrepancies suggest selective loading preferences among remaining Agos, reflecting the
Ago?2 loading biases described in the previous chapter. Such Ago preferences are likely to
influence the targeting efficacy and specificity, warranting further investigation into parasite
miRNA interactions with individual mammalian Agos. Given that Nod! is critical for sensing
pathogen-associated molecular patterns (PAMPs) in host cells and initiating proinflammatory
and antimicrobial responses, the ability of the isomiR to selectively repress Nod! may provide

the parasite with an adaptive advantage by dampening host defences and promoting its survival.

While traditionally it was thought that Dicer plays a crucial role in loading mature miRNAs
onto Ago [356], more recent studies confirmed that exogenously introduced mature miRNAs

can form functional RISCs in the absence of Dicer [357, 358], consistent with the observation
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in this study. Nonetheless, Dicer independence would reduce reliance on the host miRNA
biogenesis machinery, by enabling parasite-derived miRNAs to directly load onto host Ago,
allowing more immediate regulation of the host target genes immediately upon entry into host

cells.

In summary, this study establishes Ago2- and Dicer-deficient macrophage lines as a robust
platform for interrogating RNAi machinery contributions to parasite-host interactions. The
persistence of the-miR-125b-5p immunomodulatory function despite loss of key RNAIi
components suggests a degree of functional flexibility in how parasite miRNAs engage host
silencing machinery, potentially involving Ago redundancy and/or non-canonical pathways.
These insights advance understanding of helminth-host molecular communications while
highlighting the need for further investigation into the specific pathways through which

parasite miRNAs modulate host responses.
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Chapter 5:

General Discussion
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Parasitic worms (helminths) are highly pervasive pathogens, infecting approximately 1.5
billion people worldwide, particularly within marginalized communities, causing significant
disability and morbidity (Chapter 1). These infections also affect animals, consequently
threatening food security and causing significant economic loss by impairing livestock
productivity. Current control methods, such as chemical drenching, pose environmental risks
due to drug leaching into ecosystems and the food chain. Compounding this challenge,
resistance to anthelmintic drugs is increasingly widespread. Therefore, advancing research to
develop sustainable, effective control strategies is essential for safeguarding global public

health, socioeconomic stability, and environmental health.

A key tenet is that the evolutionary success of these parasites hinges on their ability to
establish chronic infections by artfully manipulating the host immune system (Chapter
1). Building on the growing recognition of miRNAs as pivotal regulators in this parasite-host
interplay, the aims of this research project were to unravel the molecular mechanisms by
which miRNAs mediate these interactions, aspiring to pave the way for novel strategies in

early diagnosis and intervention against chronic helminth infections.

Fasciola hepatica was selected as the model organism due to its unique capability to infect
almost all mammalian species it comes in contact with, reflecting an extensive evolutionary
adaptation that facilitates universal immune regulatory mechanisms (Chapter 1). Additionally,
its clearly defined developmental stages with distinct tissue migration and residency during
infection provided an ideal framework for studying temporal and spatial dynamics of miRNA-
mediated host modulation. Most importantly, while C. elegans has provided foundational
insight into helminth-miRNA biology, its relevance to parasitic flatworms is limited by the
deep evolutionary divergence between Ecdysozoa (nematodes) and Lophotrochozoa
(including trematodes such as F. hepatica), which may result in differences in RNAi
regulatory mechanisms [359]. Direct investigation of miRNA-mediated host modulation in a
parasitic trematode system therefore addresses a critical knowledge gap beyond assumptions

derived from Ecdysozoan models.

Three themes were investigated experimentally: (i) the identification and utility of circulating
miRNAs as diagnostic biomarkers of infection, (ii) the functional characterisation of parasite-
derived isomiRs in host immune cells, and (iii) the mechanistic dissection of how Fasciola

miRNAs engage the host RNA interference (RNAi) machinery. While each chapter addressed
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distinct questions, their findings converge on a unifying concept: helminths deploy a highly

adaptable and multi-layered small RNA-based regulatory system to modulate host biology.

The outcomes of this research, as presented in this thesis advances understanding of miRNA-
mediated host-parasite interactions in F. hepatica infection by bridging fundamental
biological insights, innovative diagnostic biomarker discovery, and detailed mechanistic
exploration of immune modulation. Together, the studies reveal mechanistic pathways by
which parasite-secreted miRNAs are selectively deployed to hijack the mammalian RNA
interference machinery, regulate immune signalling pathways, and establish persistent

infections, thereby offering new avenues for targeted diagnosis and therapeutic intervention.

5.1. Host and parasite miRNA signatures: toward sensitive and stage-specific helminth
diagnostics

The data presented in Chapter 2 of this thesis established that both host- and parasite-derived
miRNAs display dynamic, stage-specific patterns during Fasciola hepatica infection,
supporting their translational potential as early diagnostic biomarkers for fasciolosis. This is
particularly significant in the context of current diagnostic limitations, where conventional
approaches, such as faecal egg counts, antigen/antibody-based assays often lack sensitivity
during pre-patent phase, thereby restricting timely detection and intervention (reviewed in
Chapter 2). Thus, circulating miRNAs represent a promising alternative class of molecular

indicators capable of capturing early and otherwise cryptic host—parasite interactions.

Importantly, the broader literature on helminth-derived small RNAs reinforces this view [55].
In serum from Schistosoma. mansoni infected patients, parasite-derived miRNAs has been
shown to distinguish ‘egg negative’ from ‘egg positive individuals, demonstrating that
helminth miRNAs can serve as robust, non-invasive infection markers [228]. Similarly, recent
work in Trichuris muris has shown that integrated host-parasite small RNA profiling in stool
can reveal associations with pathology and tissue remodelling, further supporting the concept
that circulating or secreted/ excreted miRNAs reflect biologically meaningful infection
states.[360]. Together, these studies situate F. hepatica within a growing body of evidence

supporting miRNA-based diagnostics across helminth systems.
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Within this framework, parasite-derived miRNAs are particularly noteworthy due to their high
sequence specificity and frequent lack of mammalian orthologues, making them attractive
candidates for discriminating F. hepatica infection in helminth-endemic settings where co-
infections are common. Moreover, their temporal appearances across infection stages
(Chapter 2 and 3), alongside stage-specific expression patterns reported in the parasite itself
[231], suggests regulated secretion aligned with parasite development and host tissue
migration. This strengthens the hypothesis that parasite miRNAs may not only serve as
biomarkers of infection presence but also as indicators of parasite biological activity and

developmental stage.

When the experimental findings are integrated with data obtained throughout this PhD,
circulating miRNAs emerge as more than passive biomarkers of infection or tissue damage.
Instead, they likely represent an active molecular interface of host-parasite communication.
The detection of parasite-derived miRNAs in host biofluids, alongside evidence of their uptake
and functional activity within host immune cells, (Chapters 3 and 4) supports the interpretation
that at least a subset of these molecules is selectively secreted and biologically active. This
aligns with established paradigms in miRNA biology, where circulating miRNAs are known
to exist either in extracellular vesicles or in association with protein complexes, both of which
confer stability and functional potential in extracellular environments (Chapter 1, Section

1.4.3).

However, a layer of complexity arises from the discovery that isomiRs were among the
parasite-derived miRNAs in circulation. As demonstrated across Chapters 3 and 4, these
sequence variants (particularly 3'-trimmed forms) may dominate in host cellular environments.
In addition, isomiR profiles are known to vary across parasite life stages and can shift in
mammalian hosts in response to infection and disease states [259, 260, 274], suggesting that
isomiR signatures may provide enhanced sensitivity and improved temporal resolution for
infection staging. This has important implications for biomarker discovery, as conventional
qPCR or annotation-dependent pipelines targeting canonical sequences may fail to capture the

full diversity of biologically relevant miRNA species [361].

Collectively, these findings support a model in which host and parasite miRNAs form
complementary diagnostic signals: host miRNAs reflect systemic and tissue-level responses to

infection, while parasite-derived miRNAs provide direct evidence of parasite presence and
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activity. Integrating these signatures will likely yield a more robust diagnostic framework than
either component alone, enabling improved sensitivity, specificity, and temporal

discrimination of infection stages.

5.1.1. Limitations and future directions

Despite the conceptual and technical advances presented in this chapter, several limitations
should be acknowledged. First, parasite-derived miRNAs were present at extremely low
abundance in host circulation, which poses significant challenges for reliable detection and
quantification. This is further compounded by the dynamic and context-dependent nature of
circulating host miRNAs, which introduces biological variability that may obscure infection-

specific signals.

Second, current analytical approaches remain largely dependent on canonical miRNA
annotations. As demonstrated here, the presence of isomiRs introduces a substantial layer of
molecular diversity that is often not captured by standard pipelines. This likely contributes to
underestimation of true miRNA abundance and may lead to false negatives in validation
studies, particularly when using targeted qPCR assays. While emerging technologies such as
CRISPR-based biosensors, isothermal amplification methods, and nanomaterial-enabled
detection platforms offer promising solutions for improving sensitivity [362-364], many
remain at early stages of development or have not yet been validated for complex biological
fluids such as serum in veterinary settings. Their integration into helminth diagnostics will

therefore require further optimisation and field validation.

Finally, although temporal sampling in controlled infection models provides valuable insight
into infection dynamics, translation to natural field infections introduces additional complexity,
including variation in parasite burden, co-infections, and host genetic diversity. Furthermore,
the high genomic heterozygosity and pronounced population structure of F. hepatica [365]
suggest that strain-specific variation in miRNA loci is plausible. Similarly, while mature
miRNA sequences in mammals are generally highly conserved, polymorphisms in pri- and pre-
miRNA regions can potentially influence miRNA processing and expression [366, 367]. These
factors may significantly influence circulating miRNA profiles and reduce diagnostic

consistency across populations.

Future work should prioritise isomiR-resolved sequencing strategies, mechanistic studies

linking circulating miRNAs to tissue and cellular sources, and large-scale validation in natural
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infection settings, while incorporating mismatch tolerant and population-aware reference
datasets to account for parasite and host genetic variation. In parallel, the development of
multiplexed, point-of-care platforms capable of integrating host and parasite-derived miRNA

signatures will be critical for translating these findings into practical diagnostic tools.

5.2. IsomiRs: expanding the paradigm of miRNA-mediated parasite-host interaction

A major conceptual advance arising from this thesis is the recognition that helminth-derived
miRNAs found within host immune cells are not restricted to canonical sequences but exist
predominantly as diverse isomiR populations, with clear functional relevance. Although
isomiRs were first described in 2008 [249], it is only with recent advances in sequencing
technologies and experimental validation that they have been accepted as a widespread and
biologically significant class of miRNA variants [248]. Within the context of parasite-host
communication, this significantly extends a field that has traditionally focused on canonical
miRNA species since the initial discovery that helminth-derived extracellular vesicles can
transfer regulatory small RNAs capable of modulating host gene expression and immune

pathways [62].

The data presented in Chapter 3 provides direct evidence that F. hepatica-derived miRNAs
detected in murine macrophages are enriched for diverse isomiRs including variants with 3’
and/or 5" end nucleotide(s) addition, deletion, and substitutions. The detection of identical
isomiR species in both parasites and their corresponding extracellular vesicles strongly
supports a parasite origin rather than de novo generation within host cells. Although stringent
alignment criteria may underestimate total isomiR diversity, the data clearly establish that a
broader repertoire of parasite-derived miRNA variants is actively deployed into host

environments.

A key finding of this thesis is that isomiRs are not merely structural variants of canonical
miRNAs but can exhibit distinct functional properties (Chapter 3 and 4). As shown for fhe-
miR-125b-5p, both canonical and 3'-trimmed forms were capable of modulating inflammatory
responses; however, the isomiR displayed enhanced regulatory potency against specific
immune targets and showed preferential loading into host Ago2 complexes. This challenges
the classical paradigm in which miRNA function is only determined primarily by the seed
sequence, and instead supports a model in which 3’-end variation can contribute to functional

diversification through altered protein interactions, stability, and subcellular localisation.
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From a mechanistic perspective, the selective enrichment of specific isomiRs within host
immune cells suggests that their generation is unlikely to be purely stochastic. Instead, it is
consistent with a model in which parasites actively shape isomiR output to expand the
functional repertoire of a limited miRNA gene set. This represents a form of molecular
economy, enabling fine-tuned regulation of host pathways without requiring genomic
expansion. Such a strategy aligns with broader themes in parasitic adaptation, where limited

genetic resources are leveraged to produce complex and context-specific host manipulation.

This hypothesis is consistent with findings across helminth systems. Parasitic helminths such
as Echinococcus and Mesocestoides corti produce abundant 3’ isomiRs, including uridylated
forms, highlighting that isomiR diversification is a conserved feature of helminth biology
[368, 369]. Within this broader evolutionary context, F. hepatica appears to exploit isomiR
diversity as part of its host regulatory strategy, reinforcing the concept that isomiR generation
is not incidental but functionally significant. Thus, isomiR biology may represent a novel
therapeutic vulnerability, enabling strategies that target parasite-specific small RNA

processing pathways or disrupt functional isomiR-host protein interactions.

When integrated with the biomarker findings in Chapter 2, isomiR diversity also has important
translational implications. The existence of multiple sequence variants derived from a single
miRNA precursor may influence circulating stability, packaging into extracellular vesicles or
protein complexes, and ultimately detectability. This variability may contribute to
inconsistencies observed between sequencing-based discovery and targeted validation
approaches that rely on canonical annotations, and may partially explain variability in

biomarker performance across infection stages.

5.2.1. Limitations and future directions

While the experimental data presented in this chapter presents strong rationale for exploring
the functional contribution of isomiRs in helminth biology, the low abundance of
parasite-derived miRNAs in host cells should be acknowledged. This represents a broad
challenge in cross-kingdom RNAIi studies, in which host-transcripts will far exceed the
presence of exogenous pathogen-derived miRNA sequences. In addition, technical limitations
in library preparation and sequencing, and conservative bioinformatics pipelines that prioritise

specificity over sensitivity to minimise false positives, may also underestimate the miRNA
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abundance and isomiR diversity. Advances in miRNA detection technologies, including
deeper sequencing approaches and more sensitive analytical methods, may improve detection

and enable more comprehensive characterisation of isomiRs in future studies.

Second, this study focused primarily on a subset of isomiR classes (notably 3" and 5’ length
variants), and did not comprehensively evaluate other forms of post-transcriptional
modification such as non-templated nucleotide additions or polymorphic isomiRs, which are
known to be prevalent in helminths [274]. As such, the full spectrum of parasite-derived

isomiR diversity within host environments remains unresolved.

Third, functional validation was limited to a small number of representative isomiRs. While
the-miR-125b-5p provided clear evidence of functional divergence from its canonical
counterpart, it remains unclear whether similar effects are generalisable across other parasite-
derived miRNAs /isomiRs or represent a gene-specific phenomena. Broader experimental

validation across multiple isomiR families will be required to establish general principles.

Fourth, mechanistic insights into isomiR biogenesis and selection remain incomplete.
Although evidence suggests selective enrichment and differential Ago loading, the upstream
processes governing isomiR generation in helminths and their sorting into host RNAi
machinery are not yet defined. Disentangling contributions from parasite-driven processing

versus host-mediated modification will be critical.

Future work should therefore prioritise (i) isomiR-resolved sequencing approaches with
improved discrimination of host and parasite small RNAs, (ii) systematic functional
interrogation of multiple isomiR families across infection stages and host tissues, and (iii)
mechanistic studies addressing isomiR biogenesis, Ago sorting, and intracellular trafficking.
In addition, integrating isomiR biology into multiplexed diagnostic and functional
frameworks may enable more precise exploitation of parasite-derived small RNA pathways

for both biomarker development and therapeutic targeting.

5.3. Ago2 and Dicer KO macrophages: a valuable platform for understanding miRNA-
mediated parasite-host interaction
The research presented in Chapter 4 extends the depth of investigation in to parasite miRNA

functionality in host immune cells by interrogating the interface with host RNAi machinery.
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Using CRISPR—Cas9-generated Ago2 and Dicer knockout macrophages, it was discovered
that F. hepatica miRNAs retain functional activity even in the absence of key canonical RNAi
components. This challenges the prevailing model in which miRNA function is strictly
dependent on Dicer-mediated processing and Ago2-driven incorporation into the RNA-
induced silencing complex (RISC), and instead supports a more flexible and context-

dependent model of cross-kingdom RNA regulation.

The persistence of parasite miRNA activity in Dicer-deficient macrophages is consistent with
their delivery as mature, pre-processed molecules within parasite-derived extracellular
vesicles. This bypasses the requirement for host miRNA biogenesis machinery and suggests
that helminths export miRNAs in a configuration already optimised for immediate

functionality upon entry into host cells.

More unexpectedly, parasite miRNA activity was also maintained in Ago2-deficient cells,
indicating that canonical Ago2-dependent RISC formation is not essential for functional
repression of host immune targets. Instead, parasite miRNAs appear capable of engaging
alternative Argonaute family members (Agol, Ago3, or Ago4), which, although lacking slicer
activity, can still mediate translational repression and gene silencing. When considered
alongside the evidence from Chapter 3 which showed preferential Ago2 loading of specific
isomiRs, these findings suggest a dual-layered model; selective Ago preference under normal

conditions, combined with functional redundancy when Ago2 is absent.

This flexibility likely reflects an adaptive strategy to ensure robust regulatory activity across
heterogeneous host environments. During infection, macrophages undergo dynamic changes
in protein expression, signalling pathways, and RNA-binding protein availability. The ability
of parasite-derived miRNAs to function across different RNAi contexts would therefore
confer a significant evolutionary advantage, ensuring consistent immune modulation

regardless of host cellular state or perturbation of specific RNAi components.

Within this framework, isomiR diversity may further enhance functional plasticity. As
described in earlier chapters, different isoforms of the same parasite miRNA can display
distinct Ago loading preferences and regulatory potency. This suggests that sequence variation
beyond the seed region may act as a tuning mechanism, allowing helminths to diversify RNAi

engagement strategies without expanding their miRNA gene repertoire.
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An additional implication of these findings is that parasite miRNAs may not exclusively rely
on canonical RISC-mediated silencing. While Ago proteins are likely central mediators, the
possibility remains that alternative RNA-binding complexes or non-canonical pathways
contribute to observed regulatory effects. Resolving this will be essential for fully

understanding how parasite-derived small RNAs exert their functions in host cells.

5.3.1. Limitations and future directions
Despite the mechanistic insights that emerged from the work presented in this chapter,

limitations should be considered.

A key limitation is the reliance on in vitro macrophage models. Although these systems enable
precise genetic and mechanistic interrogation, they do not fully recapitulate the complexity of
in vivo infection where macrophages exist within dynamic tissue environments shaped by
multiple immune cell populations, parasite migration, and systemic host signalling. These

contextual factors may significantly influence RNAi pathway usage and miRNA activity.

A second limitation is the use of synthetic miRNA mimics for functional assays. While
experimentally tractable, these constructs do not fully reflect the endogenous form in which
parasite miRNAs are delivered. In natural infection, miRNAs are packaged within
extracellular vesicles together with proteins, lipids, and other nucleic acids that may influence
cellular uptake, intracellular trafficking, and functional stability [370, 371]. The absence of

these cofactors may therefore lead to incomplete representation of physiological activity.

Furthermore, research on helminth-derived extracellular miRNAs has primarily focused on
the identification and profiling of mature miRNAs, while the presence of precursor or primary
miRNA species within EVs remains largely unexplored. Conserved Drosha-recognition
motifs in F. hepatica pri-miRNAs [274] raise the possibility that host machinery could
contribute to miRNA processing under certain conditions. If validated, this would imply an
additional layer of host involvement in parasite miRNA maturation and potentially in isomiR

generation, further blurring the distinction between host and parasite RNAi systems.

Mechanistically, future studies should focus on defining the full spectrum of miRNA-

associated protein complexes. Approaches such as Ago-specific CLIP-seq, quantitative
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proteomics of RNA-induced silencing complexes, and targeted genetic disruption of
individual Ago paralogues will be critical for resolving canonical and non-canonical RNAi
pathways. Expanding these analyses across multiple parasite-derived miRNAs and their
isomiRs will further determine whether the functional flexibility observed here is a general

helminth strategy or specific to particular miRNA families.

In addition, future work could provide validation in more physiologically relevant systems,
including primary macrophages, organoid-based co-culture platforms, and in vivo infection
models. In parallel, extracellular vesicle-mediated delivery of native parasite miRNAs will be
essential to confirm that observed effects are not artefacts of synthetic mimics and to better

replicate natural uptake pathways.

Together, these approaches will refine our understanding of RNAi pathway exploitation in
parasite-host interactions and may reveal novel therapeutic entry points for disrupting

parasite-driven immune modulation.

5.4. Evolutionary implications: hypotheses and emerging concepts
The findings presented within this thesis support several hypotheses regarding the evolution of

miRNA pathways of helminth-host communication.

One hypothesis is that helminth miRNAs have evolved to mimic host miRNAs, enabling them
to integrate seamlessly into host regulatory networks. The conservation of sequences such as
miR-125b supports this idea, suggesting that parasites may exploit existing regulatory
pathways rather than evolving entirely novel mechanisms. In this context, molecular mimicry
would allow parasite-derived miRNAs to access pre-established gene regulatory circuits,

thereby increasing the efficiency and subtlety of host modulation.

A complementary hypothesis is that isomiR generation provides an additional layer of
adaptability. By producing multiple variants of a given miRNA, parasites may fine-tune their
regulatory outputs in response to different host environments, developmental stages, or
immune pressures. This capacity for diversification without expanding genomic content
reflects an efficient evolutionary strategy, particularly advantageous for organisms with

complex life cycles.
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Finally, mechanistic flexibility in engagement with host RNAi pathways likely represents an
evolutionary adaptation to host variability. The ability of parasite miRNAs to function
independently of canonical components such as Ago2 and Dicer suggests that the ability of the
parasite to interact with its host is not constrained by the molecular architecture of a single host
species or cell type. Instead, they may have evolved to exploit a broader spectrum of RNA-
binding proteins or alternative silencing pathways, ensuring functional robustness across

diverse biological contexts.

Collectively, these hypotheses position helminth miRNAs as components of a dynamic
evolutionary interface between parasite and host. Rather than acting as simple effectors, they
may represent adaptable regulatory tools shaped by co-evolutionary pressures to optimise

parasite survival while maintaining host viability.

5.5. Therapeutic and translational implications
Integrated insights generated from data presented in this thesis have several important

implications for future diagnostic and therapeutic strategies (Figure 5.1).

From a diagnostic perspective, the combined use of host- and parasite-derived miRNAs offers
a promising avenue for improving sensitivity and specificity. Incorporating isomiR profiles
into diagnostic pipelines may further enhance resolution, particularly for distinguishing
between infection stages or identifying early infections that are currently undetectable using
conventional methods. The development of multiplexed assays that capture these diverse RNA

signatures could represent a significant advancement in helminth diagnostics.

From a therapeutic standpoint, parasite-derived miRNAs themselves may serve as novel
targets. Strategies aimed at inhibiting specific miRNAs, such as antisense oligonucleotides or
miRNA sponges, could disrupt parasite-mediated immune modulation. Alternatively, targeting
the delivery mechanisms of these miRNAs, particularly extracellular vesicles, may provide a

means to block the transfer of regulatory signals from parasite to host.
The identification of RNA1 pathway flexibility also opens new avenues for intervention. If

parasite miRNAs utilise non-canonical pathways or alternative protein partners, these

components may represent previously unrecognised therapeutic targets. Interfering with these
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pathways could impair the parasite’s ability to regulate host gene expression without directly

targeting the parasite itself, potentially reducing selective pressure for resistance.

It is important to emphasise that these applications remain hypothetical at this stage. Substantial
work is required to validate the feasibility, specificity, and safety of such approaches.
Nonetheless, the conceptual advances presented here provide a foundation for exploring RNA-

based strategies in helminth control.

5.6. Conclusion
In conclusion, this thesis provides an integrated exploration on the role of helminth-derived
miRNAs in host-parasite interactions, bridging gaps between biomarker discovery, molecular

function, and mechanistic understanding.

By demonstrating that circulating miRNAs can serve as early indicators of infection, that
isomiRs represent a functionally significant and selectively deployed class of regulatory
molecules, and that parasite miRNAs exhibit flexibility in their engagement with host RNAi

pathways, this body of research advances current paradigms of cross-kingdom communication.

Importantly, these findings support a model in which helminth miRNAs operate as part of a
dynamic and multilayered regulatory system. This system is characterised by three key
features: (i) diversity, through the generation of isomiRs; (ii) selectivity, through targeted
export and uptake; and (iii) flexibility, through the ability to engage multiple molecular
pathways within the host. By integrating these concepts, the research conducted in this PhD
has transcended descriptive observations and provided a cohesive mechanistic framework to

elucidate host-parasite miRNA networks of communication.

Future research will be essential to test and refine this model, particularly through in vivo
validation, comparative studies across species, and deeper mechanistic exploration. Ultimately,
such efforts may enable the translation of these insights into innovative diagnostic and

therapeutic strategies, contributing to improved control of helminth infections.
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Figure 5.1. Proposed novel targeting strategies for advancing diagnostics and therapeutic
intervention in Fasciola hepatica infection. The dual opportunities identified is shown in
blue: (A) Parasite-derived miRNAs and isomiRs released into the extracellular milieu
represent highly specific and sensitive biomarkers, enabling early and stage-resolved detection
of infection. (B) Therapeutically, intercepting these parasite miRNA/isomiR pathways during
the pre-hepatic stage could block the ability of newly excysted juveniles (NEJs) to manipulate
host innate immunity, thereby preventing their survival before they can enter the liver. The
point of intervention in the miRNA/isomiR pathway, and the corresponding blockade of

parasite life stages, is indicated with a red "X" on the schematic adapted from Figure 1.5.
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MicroRNAs (miRNAs) are small noncoding RNAs that oversee gene modulation.
They are integral to cellular functions and can migrate between species, leading
to cross-kingdom gene suppression. Recent breakthroughs in helminth genome
studies have sparked curiosity about helminth RNA regulators and their ability to
regulate genes across species. Growing data indicate that helminth miRNAs
have a significant impact on the host's immune system. Specific miRNAs from
helminth parasites can merge with the host's miRNA system, implying that para-
sites could exploit their host's regulatory machinery and function. This review
highlights the role of cross-kingdom helminth-derived miRNAs in the interplay
between host and parasite, exploring potential routes for their uptake, processing,
and consequences in host interaction.

The theory of cross-kingdom miRNA communication

‘Cross-kingdom communication’ refers to the transmission of extracellular chemicals and bioac-
tive molecules resulting in the regulation of biological signals between genetically diverse species.
This term was first coined in the 1980s following the realisation that distinct cells can communi-
cate with each other through secreted hormones [1]. Subsequently, the concept expanded
with the discovery that bacteria had the capacity to manipulate the signal transduction of plant
and mammalian cells, while host hormones cross-signalled with quorum sensing molecules to
regulate bacterial gene expression [2].

Most recently, miRNAs (see Glossary) have emerged as important mediators of inter-kingdom
communication. miRNAs are a class of small noncoding RNAs (18-24 nucleotides) that are crit-
ical regulators of post-transcriptional gene expression [3]. By binding to the complementary 3'
untranslated region (UTR) of their mRNA target, miRNAs can either interfere with the mRNA
translation process or cause mRNA cleavage and degradation [4]. However, the opposite ef-
fect has also been seen where miRNA binding to the 5" UTR prevents mRNA degradation
and promotes the translation process [5]. It is thought that, in metazoans, miRNAs originated
as a defence mechanism against pathogens with predominantly antiviral functions, but over
time, have evolved to target intrinsic genes. As a result, endogenous miRNAs have developed
as a highly conserved mechanism of gene regulation that controls a multitude of biological
functions, such as developmental processes, cell cycle processes, intracellular signalling,
and homeostasis [6].

miRNAs have the ability to move between cells, acting as intermediates in cellular communication.
Several studies conducted in animals and plants have provided increasing evidence that
pathogens, including bacteria, viruses, fungi, and protozoa, utilise these mobile miRNAs as a
mechanism to manipulate host gene expression [7]. Most recently, we, and others, have demon-
strated that larger, multicellular parasitic worms (helminths) also deploy miRNAs to specifically
divert and manipulate their host's immune responses to prevent their expulsion and tolerate
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their presence; this permits the establishment of chronic infections [8—13]. However, while there
has been extensive characterisation of the helminth miRNomes and their corresponding host tar-
get genes, very little is known about how these miRNAs are selected by the parasite for transfer to
host cells and, once there, how they integrate into the host cell miRNA biogenesis pathway.

Helminth-derived miRNAs alter the host’s immune response to establish chronic
infection

Almost 300 different species of helminths have been identified with the capacity to infect humans
[14]. Accordingly, helminth infections are a major global public health problem with recent esti-
mates suggesting that 1.5 billion people harbour one or more of the most common worms:
Schistosoma spp., Fasciola hepatica, Ascaris lumbricoides, Necator americanus, Ancylostoma
duodenale, Trichuris trichiura, and Strongyloides stercoralis (see Table S1 in the supplemental in-
formation online) [15,16]. No vaccine exists for any human helminth, and although most infections
can be controlled by a limited number of pharmaceutical antihelminthics, these treatments do not
prevent reinfection, and as a result, the prolonged, exhaustive use of these drugs within popula-
tions has led to a concerning level of resistance [17]. Thus, new strategies for control or disease
prevention are urgently needed.

Unlike bacteria or viral pathogens, helminths do not replicate in their hosts. Instead, they require
time to grow to maturity, reproduce and release their offspring in the form of eggs. To accomplish
this cycle, helminths have evolved mechanisms to regulate the host’s immune cell signalling path-
ways to prevent their expulsion while also safeguarding the fitness of the host [18]. During helminth
infection, the typical innate detection systems of the host are not activated as expected, and the
adaptive immune response is directed towards a tolerant or hyporesponsive state [19,20]. As a re-
sult, parasitic worms establish chronic infections to complete their life cycle, while the tissue dam-
age caused by their feeding and migration is readily repaired, and excessive inflammation is
controlled [21,22]. Understanding the communication pathways between helminths and their
hosts during this process will inform the development of new anthelminthic therapeutics.

Historically, the focus for this research has been on the identification and characterisation of
parasite-secreted proteins as it was assumed that these were the most likely molecules to be
in contact with host immune cells and operate as immune modulators [23-25]. However, more
recently, helminth-derived miRNAs are emerging as key manipulators of host immune cells
[8,9,13,26-37]. The miRNA profile of helminths has been characterised in over 35 species of
trematodes, nematodes, and cestodes [37]. Comparative analysis of miRNA sequences has re-
vealed that helminth miRNAs are well conserved, with many parasite miRNAs sharing sequence
identity with mammalian miRNAs, and thus predicted to have the same regulatory functions as
their host miRNAs, many of which target immune-modulating genes (Figure 1A, Table S2).
In silico analysis has also predicted that several nonconserved, novel parasite miBNA sequences
could target host genes involved in immune pathways, thus suggesting immune modulatory
functionality (Figure 1B, Table S2) [9,27].

The breadth of mMIRNAs and corresponding mammalian targets suggests a high degree of redun-
dancy, with multiple helminth miRNAs (conserved and novel) predicted to act on single host gene
targets within multiple immune cells (Figure 1C, Table S2). Such findings support the hypothesis
that, by hijacking the host endogenous miRNA system of gene regulation, helminths can alter
host gene expression and hence modulate the host immune response to a phenotype that fa-
vours parasite survival and reproduction. There is now supporting experimental evidence for
this possibility from both in vivo mouse infection models and in vitro transfections of mammalian
cells (Table 1), which collectively and convincingly demonstrate that helminth-derived miRNAs
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Glossary

Argonaute (AGO): a core component
of the small RNA-induced silencing
complexes with small RNA. The guide
strand of the small RNA is loaded onto
the Argonaute protein, ultimately leading
to gene silencing.

Dicer: an RNase Ill endonuclease that
processes MIRNA precursors into
smaller functional RNAs (21-23
nucleotides in length) that are
subsequently incorporated into the
RNA-induced silencing complex.
Drosha: a ribonuclease Ill enzyme that
performs the initial step of MIRNA
processing in the canonical pathway of
miRNA biogenesis, converting primary
miRNA sequences to precursor
mMIRNAs.

Extracellular vesicles (EVs): small
membrane-bound vesicles released by
cells (and helminths) to facilitate
intercellular communication. They
typically contain a mixture of proteins,
lipids, and small RNAs.

IsomiRs: miRNA sequences that have
variations (in length, sequence, or both)
compared to the canonical/reference
miRNA sequence.

MicroRNAs: small, single-stranded,
noncoding RNA molecules containing
21-23 nucleotides. mRNAs typically
interact with the 3" untranslated region of
target mRNASs to induce the degradation
of gene transcripts and the repression of
translation.

Precursor miRNAs: the hairpin
precursors of MRNAs formed by the
cleavage of primary miRNAs by
ribonuclease enzymes.

Primary miRNA: the initial gene
transcript of a mIRNA sequence.

RNA binding proteins (RBPs):
proteins that directly interact with single-
stranded or double-stranded RNA,
customarily regarded as important
facilitators of gene expression. More
recently, they have been found to
mediate the packaging of miRNAs into
extracellular vesicles.

Seed sequence: defined as the first 2—
8 nuclectides of a MIRNA starting at the
5"end and counting toward the 3" end.
Canonically, the regulation of gene
expression by miRNAs is reliant on base
pairing of the seed region to sequences
in the 3" untranslated region of target
mRNAs.

WAGO: an Argonaute protein subfamily
that is exclusive to worms.
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Figure 1. Helminth microRNAs (miRNASs) are predicted to target mammalian genes to regulate the immune response during infection. (A) Several parasites
express miR-125b, which is a highly conserved miRNA also expressed in mammalian cells, with identified roles in the activation of multiple immune processes. The miRbase
data base (https://mirdb.org) predicts that human miR-125b has 925 gene targets. Of these, the parasite miR-125b sequences have been predicted to target 118 genes
(Table S2). Pathway analysis of these gene targets using Reactome suggests that the parasite miRNAs would impact the processing and presentation of antigen by major
histocompatibility complex | (MHC) and cell signalling pathways activated by IL-4, IL-13, NOD-like receptors (NLRs), and Toll-like receptors (TLRs). (B) The prediction of
gene targets for novel, nonconserved, parasite miRNAs suggests that they also have the capacity to regulate mammalian gene targets. For example, using miRANDA,
PITA, and RNAhybrid predicted 13 mammalian gene targets for Fasciola hepatica novel miR-17. Reactome analysis attributed these genes to immune pathways
associated with neutrophil degranulation, interferon signalling, TLR receptor signalling, and MHC I- and ll-mediated antigen processing. (C) The observation that multiple
parasite MRNAs are predicted to target the same mammalian gene target suggests a level of redundancy within the parasite regulation of their host’s immune system. As
an example, six different miRNAs expressed by F. hepatica have been predicted to target positive regulatory domain i-binding factor 1 (PRDM1), a protein that promotes
the expression of the costimulatory molecules on dendritic cells that are necessary for efficient T cell activation, and the development of an effector adaptive immune
response. Similarly, four different miRNAs produced by the nematode Heligmosomoides polygyrus are predicted to target interferon regulatory factor (IRF)-4, a key
regulatory transcription factor in the development of immune cells. This figure was created using BioRender.com.

can be taken up by mammalian cells and, once internalised, operate to regulate gene expression
to alter key immune pathways and cellular processes.

Delivery of helminth miRNAs to host cells

miRNAs are released by helminths in extracellular vesicles and nonvesicular forms

The most widely characterised mechanism of intracellular (and cross-kingdom) communication is
via the secretion and uptake of extracellular vesicles (EVs) [38]. Encapsulation of miRNAs in
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Table 1. Functional studies demonstrating cross-kingdom immunomodulatory role of helminth miRNAs in mammalian cells®

Parasite

Fasciola hepatica

Clonorchis
sinensis

Schistosoma
mansoni

Schistosoma
Japonicum

Schistosoma
Japonicum

Schistosoma
japonicum

Schistosoma
Japonicum

Heligmosomoides
polygyrus

Heligmosomoides
polygyrus

Ascaris suum

Taenia pisiformis

Taenia solium and
Taenia crassiceps

Echinococcus
multilocularis

E. multilocularis

Parasite-derived
mMiRNA(s)

fhe-miR-125b-5p

csi-let-7a-5p

sma-miR-10

sja-miR-71a

sja-miR-2162

sja-miR-71a

sja-miR-125b,
sja-bantam

hpo-let-7,
hpo-miR-200,
hpo-miR-435

hpo-miR-71-5p

asu-miR-791-3p

tpi-miR-let-7-5p

miR-10-5p,
let-7-5p

emu-miR-4989-3p

emu-miR-71

Host
gene
target(s)

TRAF6

Clec7a,

Socs1

MAP3K7

Sema4D

TGFBR3

FzD4

Prost,
Fam212b

Dusp1

IRF4

mTOR

C/EBP &

Not
validated

Not
validated

Not
validated

Host target
cell

Peritoneal
macrophages

Hepatic
macrophages

T cells

Hepatic
stellate cells

Hepatic
stellate cells

HepG2 and
SMMC-7721
hepatoma
cell lines

Circulating
monocytes

Epithelial
MODE-K cell
line

T cells

T cells

Macrophages

Peritoneal
macrophages

Macrophages

Macrophages

Model used for study

In vitro murine bone marrow
derived macrophages

In vitro RAW264.7 murine
macrophage cell line

In vitro human HEK-293 human

embryonic kidney cell line

In vivo murine model of

S. japonicum infection; targets
validated in vitro using 293T
human embryonic kidney cell
line

In vivo murine model of

S. japonicum infection and
in vitro rat HSC-T6, human
LX-2 cell line, mouse primary
hepatic stellate cells

In vivo murine model and
in vitro HepG2 human
hepatoma cells

In vitro RAW264.7 murine
macrophage cell line

In vitro MODE-K murine
enterocyte cell line

In vitro murine primary CD4*
T cells

In vitro murine primary CD4™*
T cells

In vitro RAW264.7 murine
macrophage cell line

In vitro murine primary
peritoneal macrophages

In vitro RAW264.7 murine
macrophage cell line

In vitro RAW264.7 murine
macrophage cell line

Immune response

Suppression of M1 macrophage
phenotype

Promotion of M1 phenotype by
upregulation of NF-kB signalling and
induction of proinflammatory cytokines
TNF, Interleukin (IL)-6 and IL-1b.

Suppression of host Th2 cell
differentiation by regulating the Th2
transcriptional pathway

Inhibition of hepatic stellate cell activation
by downregulation of the TGF-31/SMAD
and IL-13/ Signal Transducer and
Activator of Transcription (STAT)6
pathways and regulation of the
Th1/Th2/Th17 and regulatory T cell
balance

Activation of hepatic stellate cells via
activation of TGF-b signalling pathway,
and activation of hepatic fibrosis

Anti-tumour activity: inhibit tumour
proliferation by cell cycle arrest at Go/G4
phase

Increased monocyte proliferation and
TNF production

Increased anti-inflammatory responses
by repression of mitogen activated
protein kinase (MAPK) signalling

Downregulation of genes and pathways
of the Th2 lymphocyte differentiation
process: interferon (IFN)y signalling, the
IL-2/STATS5 signalling, and the mTOR
signalling pathways.

Downregulation of genes and pathways
of the Th2 lymphocyte differentiation
process: interferon gamma signalling, the
IL-2/STATS5 signalling, and the mTOR
signalling pathways.

Suppression of the host Th2 immune
response by repression of M1 phenotype
markers and promotion of M2 phenotype
markers.

Downregulation of proinflammatory
cytokines in IFN-y treated M1
macrophages, and downregulation of
anti-inflammatory cytokines in IL-4
treated M2 macrophages.

Inhibition of macrophage nitric oxide (NO)
production and increased TNF
production

Inhibition of macrophage NO production
and altered inflammatory response
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EVs protects them from degradation by RNases in the harsh extracellular environment of the
bloodstream or the digestive system [8]. Furthermore, intercellular delivery of miRNA via EVs
can circumvent the recipient cell's transcriptional regulations, offering a comparatively straightfor-
ward mechanism of gene regulation.

While characterised in only a few studies, the presence of nonvesicular extracellular (ex)-miRNA
has also been described in all three classes of helminths [27,35,39]. Although it is possible that
these ex-miRNAs have been accidently released by damaged cells or dying parasites, in humans
it has been shown that miRNAs are also actively transported in highly stable complexes with pro-
teins [40]. It has been reported that more than half of the miRNAs found in human serum is bound
to ribonucleoproteins, including argonaute (AGO)-2 [41,42], although other proteins such as
high-density lipoprotein (HDL), and AGO-1, -3, and -4 have also been implicated in ex-miRNA
binding, transport, and delivery to cells [43,44]. However, there is still no direct evidence that
these miRNA—-protein complexes operate in a functional way to alter recipient cell gene expres-
sion. Nonetheless, the observation that the profile of mMiRNAs bound to HDL is distinct from
that found in EVs suggests a complementary and independent mechanism of miRNA transport
and gene regulation [45].

For helminths, the current data indicate that the choice to secrete miRNAs packaged in EVs or
in vesicle-free form may be influenced by the requirements for different stages of their life
cycle. For example, during the L4 larval stage of the H. contortus life cycle, ex-miRNAs are
more abundant in the vesicle-free fraction of the parasite secretions as compared to the
adult stage, in which miRNAs are found primarily in the vesicle-enriched fraction [35]. Simi-
larly, the miRNAs secreted by adult T. spiralis, which inhabit intestinal mucosa, are primarily
packaged in vesicles, whereas, the muscle-stage larvae, which live intracellularly, secrete
unencapsulated miRNAs [39]. While a similar stage-specific differential abundance of free ver-
sus vesicular miRNAs has not been described for any cestodes or trematodes, analysis of the
excretory/secretory products of the schistosomula of Schistosoma mansoni identified the
presence of both forms of MIRNA [12], suggesting that this process of mMIRNA transfer is com-
mon to all helminths. However, it is important to note that vesicle-free extracellular miRNA-
protein complexes may originate from EVs that lyse during isolation and preparation. Although
this could be determined by the analysis of multiple biological replicates and independent
preparations of parasites and their secretory products, it is technically challenging given the
paucity of material that is often obtained from these parasites. Despite this caveat, the fact
that several miRNA sequences, that were identified in the EV-depleted library of L4 larvae,
were not found within the EV-enriched library [35] suggests that the vesicle-free miRNAs
are released independently of the EV-packaged sequences.

Helminth-derived EVs are taken up by the host’s immune cells

Examination of the cargo of helminth-derived EVs revealed that miRNAs are highly represented,
[8,46,47] and it has now been shown for several species of helminths that EV-encapsulated
miRNAs are internalised by mammalian host cells, particularly by immune cells such as macro-
phages, monocytes, and dendritic cells [48]. The specificity of this cellular interaction is deter-
mined by the size of the vesicles, as is illustrated with EVs derived from E. granulosus, with

Note to Table 1:

#Abbreviations: C/EBPS CCAAT/enhancer binding proteins &; Clec7a, C-type lectin domain family 7 member A; Dusp1, Dual specificity phosphatase 1; Fam212b, family
with sequence similarity 212 member B; FZD4, fizzled 4; IRF4, interferon regulatory factor 4; MAP3K7, mitogen-activated protein 3 kinase 7; mTOR, mammalian target of
rapamycin; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; Pros1, protein S1; Sema4D, semaphorin 4D; Socs1, suppressor of cytokine signalling 1;
STATB6 signal transducer and activator of transcription 6; TGF-b, transforming growth factor b; TGFBRS, transforming growth factor beta receptor 3; TNF, tumour necrosis
factor; TRAF6, tumour necrosis factor receptor associated factor 6.
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smaller EVs taken up by host hepatic cells more efficiently than larger EVs (110K) [49]. The intra-
cellular location in host cells after uptake is influenced by the surface proteins on the parasite-
derived EVs. This was shown by the addition of antibodies specific to the surface proteins of
H. polygyrus EVs, which resulted in the enhanced uptake of the EVs but redirected them to
lysosomes for degradation in the recipient cell [50]. Blocking worm EV release is detrimental to
parasite survival in their hosts [51] likely because this also blocks the delivery of parasite-
derived immunomodulatory miRNAs to host cells, which, in turn, would allow the development
of host protective immune responses to mediate parasite expulsion.

Selective sorting of parasite-derived miRNAs into EVs

There are several pieces of evidence that suggest the selection and incorporation of miRNAs into
parasite-derived EVs is an active controlled process rather than an arbitrary occurrence. Firstly,
the abundance of miIRNAs within helminth EVs does not reflect the profile of intracellular expres-
sion, with miRNAs that are relatively highly expressed intracellularly not found in the secreted EVs,
suggesting preferential selection of mMIRNA for cargo [29]. Furthermore, while the proteins in-
volved in EV biogenesis pathways have been shown to be constitutively expressed, the EV
miRNA cargo is developmentally regulated [30,52]. This life-stage-specific miRNA packaging in
the EVs is likely necessary to cater for the differential requirements of host gene regulation during
the various life stages of the helminths.

Secondly, several miRNAs are consistently found in EVs of different species of helminths, sug-
gesting an evolutionarily conserved mechanism for the packaging and release of specific miRNAs
[33-35]. Notably, the miRNAs within the helminth EVs contain more conserved miRNAs with
higher seed sequence identity to mammalian host miRNA compared to helminth intracellular
miRNAs, which may simply correspond to the conservation of ancient miRNAs across
metazoans or might reflect an active selection for compatibility with host miRNA machinery.
Furthermore, the most abundant EV-encapsulated miRNAs are predicted to primarily target
mammalian genes involved in the immune and inflammatory pathways (Table S2).

According to the available data, most common EV miRNAs with immune-modulatory func-
tions are let-7, miR-125, miR-71, miR-2, miR-9, miR-10, miR-31, and miR-87 (Table S2),
and the most predominant predicted pathways targeted are MAPK, TGF-beta, TNF, Wnt
signalling, IGF signalling pathway (Table S2). The profile of EV miRNAs and their host targets
is remarkably similar between the trematodes (flukes) and nematodes (round worms), with
cestodes (tapeworms) displaying a more distinct profile of miRNA abundance and gene tar-
gets (Table S2). This is somewhat surprising as trematodes and cestodes belong to the
same phyla (platyhelminth), so these differing profiles may, in fact, reflect the relative lack
of characterisation of cestode miRNomes compared to the more advanced characterisation
of trematodes and nematodes.

Although these observations present convincing evidence that helminth miRNAs are selectively
sorted for delivery to their host cells, the mechanism by which this occurs is unknown. Research
on mammalian cells has highlighted a prominent role for the AGO-2 protein in sorting miRNA via
the KRAS-MEK-ERK signalling pathway [53]. While the presence of AGO-2 orthologues in the
genome of most trematodes and cestodes would suggest that a similar process may be utilised
by these worms, there is no evidence of this protein interacting with any miRNAs within parasite
EVs [54]. However, nematodes also express a lineage-specific expansion of AGO proteins
(WAGO), one of which reportedly mediates the export of small interfering RNAs into the EVs of
H. bakeri [55]. The conservation of WAGO in Clade V nematodes suggests the existence of a spe-
cialised RNA secretion pathway for these helminths.
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Several RNA binding proteins (RBPs) are also known to be involved in selective sorting of
miRNAs into EVs in mammalian systems [56]. Comparing the sequences of EV-packaged
miRNAs to the miRNAs that are retained in mammalian cells, revealed the presence of specific
sequence motifs within miRNAs which determined whether they were exported or retained by
cells. Specifically, miBNA sequences that were enriched in EVs had one to four motifs of 4-7 nu-
cleotides with high G+C content and lower Gibbs free energy than the miRNAs that were retained
in cells [57]. Pulling down interacting proteins from cell lysates with EV-enriched miRNAs display-
ing these motifs identified SYNCRIP, ALYREF, RBMX, and FUS as RBPs with central roles in the
selective sorting of miRNAs. Other RBPs identified through their interactions with specific
miRNAs include HNRNPA2B1, YBX-1, and MVP [56]. However, although transcripts for these
proteins can be found in helminth genomes, only MVP is reported in platyhelminth EV proteomic
data, suggesting that either these RBPs are present at undetectable levels, or they are present in
helminth EVs only at certain timepoints during infection. Alternatively, other proteins may be
utilised in helminth EV miRNA sorting [54].

One such candidate is calpain, a calcium-dependent cysteine protease that is detectable in sev-
eral species of trematode and cestode [58]. Inhibition of calpain expression reduces the quantity
of several MiRNAs in S. japonicum EVs [59], supporting a function in miRNA shuttling into EVs. In
addition, orthologues of ADP-ribosylation factor 6 and Exportin-5, proteins which interact to shut-
tle a precursor-miRNA complex into EVs in mammalian cells, have been reported in several
species of platyhelminths and cestode EVs [28,60,61], suggesting that this mechanism of
precursor-miRNA packaging may be operational in helminth species. However, most studies ex-
amining helminth-derived EVs have primarily focused on the detection of mature miRNA se-
quences. Consequently, it is not known whether helminth-derived miRNAs are also delivered to
host cells as primary miRNA or precursor miRNA sequences. Future studies to ascertain the
precise form of mMiRNAs within EVs will be critical to better understand their mechanisms of tran-
scriptional regulation, and thus functional implications, in recipient cells.

miRNA-mediated regulation of gene expression

The miRNA biogenesis pathway

The miRNA biogenesis pathway is well conserved in eukaryotes and is a tightly regulated process
that involves a cascade of molecular processing by enzymes and protein interactions. First, the
miRNA genes are transcribed by RNA polymerase Il into nascent primary (pri)-miRNA transcripts
[62]. Then, in the canonical MIRNA biogenesis pathway, the pri-miRNA transcript is processed in
the nucleus by the microprocessor complex of Drosha and DGCR8 to generate an intermediary
stem-loop structure called precursor (pre)-miRNA (Figure 2) [63]. This pre-miRNA is exported to
the cytoplasm by an exportin-5 (XPO5)/RanGTP complex [64]. In the cytoplasm the stem-loop
structure of the pre-miRNA is processed/diced by an RNase Il endonuclease Dicer to form
the ~22 bp mature miRNA duplex (Figure 2) [65]. One strand of the duplex miRNA loads onto
AGO proteins and is termed the guide strand [66]. The unloaded strand, called the passenger
strand, unwinds from the guide strand, and is degraded by the cellular machinery. Whether the
5p or 3p strand is loaded on AGO varies greatly depending on the thermodynamic features of
the miRNA strands, cell type, or cellular environment [67]. The AGO-loaded mature miRNA,
along with other proteins, forms the RNA-induced silencing complex (RISC) [68]. Finally, the
RISC complex, guided by the miRNA strand, can then bind to a complementary mRNA sequence
to induce mRNA degradation or translational repression. While the conventional model dictates
that high sequence complementarity leads to sequence degradation, whereas low sequence
complementarity leads to reversible post-transcriptional suppression, recent evidence of devia-
tions from this model suggests a more nuanced and complex balance between degradation
and repression. It is suggested that the mode of miRNA gene silencing is influenced by factors
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Figure 2. Mammalian microRNA (miRNA) biogenesis pathways. In the canonical miRNA biogenesis pathway, the pri-miRNA transcript is processed in the nucleus
by Drosha and DGCR8 to generate an intermediary stem-loop structure called precursor (pre)-miRNA. This pre-miRNA is exported to the cytoplasm by Exportin-5. In the
cytoplasm, the stem-loop structure of the pre-miRNA is cleaved off by Dicer to form a mature miRNA duplex. One strand of the duplex miRNA loads onto AGO and is
termed the guide strand. The AGO loaded miRNA along with other proteins form the RISC complex. Finally, the RISC complex, guided by the miRNA strand, binds to
a complementary mRNA sequence to induce mRNA degradation or translational repression. In the noncanonical miRNA biogenesis pathway, structurally diverse small
RNAs can be processed into mature miRNAs by bypassing one or more of the key biogenesis enzymes, leading to alternative processing mechanisms. Mirtrons and
7-methylguanine capped (m’G)-pre-miRNAs bypass Drosha/DGCR8 processing; while mirtrons are exported from the nucleus to the cytoplasm by canonical Exportin
5, m’G-pre-miRNAs are alternatively shuttled via Exportin 1. In the cytoplasm, both the precursors are processed by Dicer. However, small hairpin RNAs (shRNAs) are
processed by Drosha/DGCR8 complex and exported via Exportin 5, but instead of Dicer, they are alternatively processed by AGO-2. All pathways ultimately produce
mature functional miRNAs that can load onto AGO and form an miRISC complex. This figure was created using BioRender.com.

such as developmental stage and environmental conditions [69]. However, the mechanistic de-
tails, particularly the criteria that determine whether a target mRNA is degraded or translationally
repressed by a cognate miRNA, remain to be elucidated.

Besides the canonical pathway, several noncanonical miRNA biogenesis pathways are responsi-
ble for the production of mature miRNAs from structurally diverse small RNAs. The most common
noncanonical pathways are Drosha/DGCR8-independent and Dicer-independent pathways [70].
Mirtrons are small RNA hairpin structures that arise from introns during mRNA splicing events; as
such, they resemble Dicer substrate and do not require Drosha/DGCR8 processing (Figure 2)
[71]. Mirtrons contribute to ~15% of the total mature miRNA population in humans and are prev-
alent in Caenorhabditis elegans [72]. Another unique class of miRNAs that bypass the micropro-
cessor cleavage step are 5' 7-methylguanosine (m’G) capped pre-miRNAs, derived directly from
the RNA polymerase |l transcript. Unlike the canonical miBRNAs, the capped pre-miRNAs are
transported to the cytoplasm via Exportin-1 for Dicer processing (Figure 2) [70]. The observation
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that 5' m’G pre-miRNAs identified in C. elegans are lineage specific miRNAs suggested that
these miRNA genes are newly acquired, and that this pathway of biogenesis may have emerged
later in evolution [73]. Conversely, Dicer-independent miRNAs are processed by Drosha from en-
dogenous short hairpin RNA (shRNA) transcripts (Figure 2). These pre-miRNAs require AGO-2 to
complete their maturation within the cytoplasm because they are of insufficient length to be Dicer
substrates [74]. This, in turn, promotes loading of the entire pre-miRNA into AGO-2 and AGO-2-
dependent slicing of the 3p strand [75]. The 3'-5" trimming of the 5p strand completes their
maturation [76]. However, Dicer-processed small interfering (si)-RNAs are more efficient at
gene silencing than the dicer-independent siRNAs [77].

There is strong bioinformatic evidence that several key proteins in the miRNA biogenesis pathway
are expressed by helminths, with a comparison to early diverging free-living parasites, suggesting
that the production of small miRNAs is an ancestral mechanism of gene regulation in helminths
which has had a contributory role in the transition to parasitism [78,79]. However, despite
abundant information on the phylogenetic similarities and differences in protein expression in dif-
ferent parasites, there is no functional information on how the miRNA biogenesis pathway
operates in helminths.

Processing of helminth miRNAs in mammalian cells

The notion that the miRNA biogenesis pathway can be hijacked by foreign miRNAs to mediate
cross-kingdom communication was first demonstrated in plants whereby fungal miRNAs were
found to load onto plant AGO proteins leading to silencing of mitogen-activated protein kinase
genes and consequent suppression of protective immunity [80]. Subversion of host cell mIRNA
machinery by pathogen-derived miRNAs has now been identified in viral, bacterial, and plasmo-
dium infections [2,7,81]. The detection of fhe-miR-125b, a highly conserved parasite-derived
miRNA, in AGO-2 pull down products from macrophages of F. hepatica-infected mice
[10] — and the identification of sja-miR-125b from S. japonicum in AGO-pulldown products
from macrophages treated with parasite-derived EVs in vitro [31] — now provide evidence
that miRNAs from parasitic worms can also be incorporated into the miRISC machinery
of mammalian cells.

The loading of miIRNAs to AGO protein is a very precise process that involves thermodynamics
and base-match composition and is partially dictated by the sequence and structure of the
miRNA [82]. As the seed sequence of both Fasciola fhe-miR-125b and schistosome sja-miR-
125b is identical to mammalian miR-125 [10], and as conserved miRNA sequences are the
most abundant in helminth EVs, it was initially proposed that only helminth miRNAs that are
close homologues to mammalian sequences may be functional in their host cells. However, the
recent detection of H. polygyrus miR-71 loaded onto Ago-2 in transfected Th2 cells implies
that this conservation may not be essential as this helminth miRNA is specifically expressed by
nematodes and does not have a homologue in mammalian cells [83].

In addition to the influence of MIRNA sequence and structure, loading onto AGO is also partly dic-
tated by the functional requirements of the cell at any particular time. In this way, miRNA mecha-
nisms of gene regulation can be spatially and temporally controlled as required. A cell-specific
functionality for helminth miBNAs has not been explored, as most experimental studies of hel-
minth miRNAs have focused on the modulation of the biological activity of a single cell type
(Table 1). However, the biological outcome of H. polygyrus miR-71 transfection was examined
in both Th2 cells and macrophages, although similar measures of functionality were not assessed
in both cell types [83]. While transfection of Th2 cells resulted in a significant reduction in expres-
sion of the transcription factor IRF4, transfection of macrophages had no significant effect on the
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production of cytokines, although their expression would be expected to be altered because of
changes in expression of IRF4 [84]. Despite these caveats, the results provide a suggestion
of varied efficacy for helminth miRNA that is dependent on the cell type, a notion that requires
further consideration.

Loading onto AGO-2 represents the final step in the canonical miRNA biogenesis pathway
(Figure 2) and supports the presence of mature helminth miRNAs in mammalian cells and alludes
to potential functionality within the mammalian miBNA machinery. However, it does not determine
whether the worm miRNAs are delivered to their host cells as mature sequences that are directly
loaded to AGO-2 or as pri-miRNA transcripts or precursor miRNAs that are processed by
Drosha and/or Dicer. While some sequence features for Drosha cleavage are common between
C. elegans and human miRNAs, C. elegans lacks other structures and sequence motifs that are
critical for efficient cleavage by human Drosha [85]. Moreover, despite the high similarity in domain
structures and polypeptide sequences of C. elegans and human Drosha, the C. elegans enzyme
has different substrate recognition approaches and cleavage mechanisms compared to the
human microprocessor [85]. In contrast, the observation that a schistosome-specific pri-
miRNA mimic (pri-sja-miR-2162) was processed into a mature functional miRNA in hepatocytes
suggests that, unlike the miRNAs of the free-living C. elegans, miRNAs secreted by parasitic
worms can be fully embedded into the mammalian miRNA biogenesis pathway [86]. This further
indicates that the capacity to utilise host miRNA biogenesis pathways evolved as an adaptation to
parasitism and builds on the proposal that this functionality is not solely dependent on conserva-
tion with specific mammalian miRNA sequences.

The pre-miRNAs released by Drosha typically comprise of a near-perfectly based-paired stem, a
large terminal loop, and a 2 nt overhang at the 3'end, which is essential for efficient Dicer cleavage
[87]. Given that the large majority of helminth miRNAs (conserved and novel) have these precursor
characteristics, processing by mammalian Dicer could be expected [11]. Moreover, a position-
dependent 3-bp motif in pre-miRNAs, termed the GYM motif, recently determined to influence
the cleavage site and efficiency of human Dicer cleavage, is positionally conserved in nematodes
[88] — which further validates the possibility that helminth-derived miRNAs can be efficiently proc-
essed by the human miRNA biogenesis pathway.

The possibility that parasite-derived miRNAs are also processed via honcanonical pathways in
host cells cannot be excluded. Although knowledge of noncanonical miBRNA processing of exog-
enous pathogen-derived miRNAs within host cells remains limited, evidence of noncanonical
miRNA processing of viral miRNAs by host cells has been reported. For instance, a mirtron-like
viral product from Sindbis virus is processed in a Dicer-dependent and Drosha-independent
manner in infected murine fibroblast cells in vitro [89]. Conversely, SARS-CoV-2 small viral RNA
biogenesis is not affected by Drosha and Dicer deficiency in infected host cells and it is suggested
that viral factors or other cytoplasmic proteases during infection could be involved in the matura-
tion of viral MiRNAs [90].

In addition to the control of mMIRNA functionality by aspects of the biogenesis pathway such as
enzyme cleavage, and selection for AGO-loading, the stability of miRNAs also shapes the biolog-
ical impact to cells by influencing the evolution of target sites in the 3' UTR of genes [91]. Since
miRNAs target the 3" UTRs of genes, target genes that are coexpressed with an miRNA evolve
to selectively avoid complementary base pairing with miRNAs that are coexpressed with the
gene [92]. H. polygyrus miRNA, hpo-miR-71-5p, was detected continually for several days
after transfection into recipient mouse cells, suggesting that the helminth miRNAs are highly sta-
ble in host cells. As such, it is plausible that the helminth miRNAs can influence the evolution of
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target sites of host genes. Of interest, the production of mIRNA sequence variants (isomiRs) is
emerging as a mechanism to regulate miRNA stability and degradation [93]. While some
miRNA variants arise from different loci, other isomiRs are produced from the same loci as the ca-
nonical sequence and occur due to variabilities in miRNA biogenesis or by post-transcriptional
modifications [93]. A lineage-specific high sequence variation rate has been observed in platyhel-
minths; this is proposed to be a result of coevolution with their hosts [94], and uridylation (addition
of a uridine at the 3’ end) of certain miRNAs, a variation which determines miRNA stability, is
conserved among cestode species [95]. Furthermore, trimmed 3’ isomiRs have been found
to be increased in response to immune activation, bacterial and viral infection, and these 3’
shorter isomiRs reportedly display greater stability than the canonical miRNAs [96]. Based on
these observations, it is evident that further exploration is needed to determine the exact nature
of the exogenous helminth miRNAs (mature, pri-, or pre-; canonical or isomiR) that is being
delivered to the host cells. In addition, understanding the cellular location of these miRNAs
(nucleus or cytoplasm) would help to elucidate the point at which they are incorporated into
the mammalian miRNA machinery.

Mechanisms of helminth miRNA-mediated regulation of host gene expression

As the expected correlation to an increased expression of an miBRNA is the reduced expres-
sion of its target gene, to date, the functional validation of a helminth miRNA in host cells has
been assessed by measuring the expression of its predicted host gene target(s) within
transfected or infected cells. This has typically been supported by the demonstration of a
specific interaction by the helminth miRNA with the host gene 3'-UTR using in vitro luciferase
reporter systems.

While this is certainly an acceptable approach, it gives only one possible outcome. An alternative
mechanism could be that, by sequestering the host cell components of the miRNA biogenesis
pathway, worm miRNAs prevent their occupation by mammalian miRNAs, thus altering the con-
centration levels of functional endogenous host miRNAs. This effect has been observed following
the transfection of cells with siRNAs [97] which resulted in the rapid reduction of AGO-2 associ-
ated endogenous miRNAs. This alteration in AGO loading appeared to impact most highly
expressed miRNAs, with low-abundant miRNAs unchanged, repressed, or even increased.
Due to this competition for AGO loading, the expression of many miRNA target genes is altered,
resulting in an effect on the biology of the cell.

Furthermore, some worm miRNAs have been shown to regulate the transcriptional levels of
the miRNA biogenesis components either by direct binding or as a downstream effect. Target
prediction software predicts that AGO1-4 and Dicer-1 are direct targets of several worm EV
miRNAs, notably, miR-277, let-7, miR-10, and miR190 [33,98-101]. Moreover, overexpres-
sion of an E. multilocularis miR-71 mimic in mouse macrophages resulted in the enhanced ex-
pression of genes that encode the RISC components, AGO-1 and AGO-4, which in turn
caused downregulation of several host miRNAs involved in the activation and regulation of in-
flammatory responses [102].

Finally, miRNAs indirectly alter the expression of gene targets by binding to other miRNAs by se-
quence complementarity, thus preventing their interaction with the 3'-UTR of their gene targets
[1083]. There is growing evidence of viral miRNA:host miRNA direct interactions. For instance, in
SARS-CoV-2 infection, small viral RNAs have been predicted to form stable duplexes with host
miRNAs, and concurrently, many of the predicted target host miRNAs are also found to be down-
regulated during SARS-CoV-2 infection [104]. Similarly, a Simian virus 40-encoded miRNA binds
to host cellmiRNAs and prevents their binding to target mRNAs, leading to increased telomerase
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activity and viral replication. There is also evidence that the miIBNA:miRNA binding happens within
Ago-2-associated RISC [105]. In such a manner, parasite-derived miRNAs might bind host
miRNAs to directly regulate the abundance and availability of the host miRNAs, and hence affect
host gene expression.

Thus, the regulatory interplay between helminth miRNAs and host gene expression likely unfolds
through multifaceted mechanisms (Figure 3). Even though helminth miRNA-targeted host gene
regulation is becoming more and more evident, further exploration into the miRNA pathway will
unveil the full spectrum of intricate mechanisms by which parasitic miRNAs exert control over
host gene expression.
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Figure 3. Proposed mechanism of helminth—-miRNA mediated cross-kingdom regulation of the host’s immune response. Parasite miRNAs are selectively
sorted and transported to host cells via extracellular vesicles (EVs) or by forming stable miRNA:protein (e.g., AGO-2 and HDL) complexes with both parasite-derived and
host-derived proteins. Once internalised by the host cells, the helminth-derived miRNAs can mimic host miRNAs and incorporate into the host cell MIRNA biogenesis
pathway to form a functional miRISC complex and consequently repress host gene expression. Beyond their direct interaction with host genes, the exogenous
helminth miRNAs may exert their influence on host miRNAs in multiple ways. They can sequester the host’s mIRNA biogenesis components, including AGO and Dicer.
Alternatively, these parasitic miRNAs may directly bind host miRNAs by complementary base pairing. Through these mechanisms, the extracellular miRNAs from
helminths may orchestrate manipulation of both host cell mMRNAs and miRNAs. As such, this intricate process serves to finely regulate the host gene function to
ultimately manipulate the host’s immune response, ensuring the parasite's prolonged survival and successful establishment of chronic infection. This figure was created
using BioRender.com.
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Concluding remarks

The expanding characterisation of helminth miRNomes and their corresponding predicted mam-
malian gene targets, combined with the increased detection of parasite-derived miRNA sequences
within the cells of infected mammalian hosts, is providing growing validation to the hypothesis that
parasitic worms can effectively manipulate their host’s miRNA machinery to regulate the protective
immune response to benefit their long-term survival. However, there are many unknowns regarding
the mechanisms by which helminth miRNAs enter and function within their host cells (see
Outstanding questions). Mechanistic approaches can be guided by models of mIRNA biogenesis
in mammalian cells and in the model worm C. elegans. However, it will be also important to con-
sider the diversity between helminth species. As mentioned here, at the most fundamental level,
understanding the impact of sequence, structure, and cellular localisation of helminth miRNAs on
the interaction with host AGO, will be critical to fully elucidate the mechanism of loading and func-
tionality. In addition, a deeper understanding of helminth miRNA sequences will provide more de-
tailed information on the specific form (pri-, pre-, or mature; canonical or isomiR) that is packaged
into EVs for transfer and will reveal potential cleavage sites for enzymes of the mammalian miRNA
biogenesis pathway. These insights will predict the specific entry point for the helminth miRNA into
the mammalian processing system, which can then be supported by in vitro assessment using
cells deficient/overexpressing different components of the biogenesis pathway. Finally, the broad
impact that helminth miRNAs have on their host cells should be fully assessed, beyond the simple
characterisation of predicted gene targets and their level of expression. Consideration should also
be given to a likely shift in the AGO loading of endogenous host miRNAs, and the possible regula-
tion of host miRNAs activity by direct interaction. Once again, the determination of these outcomes
can be achieved through the application of standard in vitro assays already established for mam-
malian miRNAs and a more comprehensive understanding of the sequences of parasite miIRNAS.

While these studies will undoubtedly provide new insights into the functionality of helminth
miRNAs, it is important to consider that these in vitro/in silico analyses may not reflect the
complex dynamic microenvironment of an infection. Unlike free-living C. elegans, the model
worm commonly used for the characterisation of miRNA biogenesis and function, parasitic
worms require a mammalian host for survival, which challenges the ability to perform and assess
the contribution that individual miRNAs make to the modulation of host immune cells in vivo and
thus the parasite’s survival. However, these studies will become more achievable in the future
with the development of organoid culturing systems that better mimic the in vivo environment
of the host, thus allowing for extended in vitro survival and the support of developmental pro-
cesses and interactions with immune cells [106].

Not discussed in this review, but of relevance to a holistic understanding of the host-parasite
relationship, is the observation that cross-kingdom communication of miRNAs is bidirectional
[107]. Plant hosts use miRNAs as part of their defence systems, transporting miRNAs into fungal
pathogens to inhibit the expression of virulence genes [108]. Similarly, mammalian hosts have
been shown to transfer miRNAs to malaria parasites, which consequently mediates resistance
to infection [109]. While this pathway of communication has not been reported between host
and helminths, it is plausible that mammalian miRNAs (extracellular or vesicular) could be taken
up by helminths as they feed on host blood and tissue. However, given the success of helminth
parasites in colonising their mammalian hosts and establishing chronic infections, it is equally
likely that this mechanism of host defence is less effective against worms as compared to the mi-
crobial, and intracellular pathogens such as malaria.

Overcoming the technical challenges raised here and solving some of the unknowns highlighted
in this review will unravel this sophisticated mechanism of communication between helminths and
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Outstanding questions

What mechanisms do helminths use to
transfer their miRNA to host cells? The
journey of helminth miRNAs from the
parasite into mammalian host cells is
intriguing. The mechanisms that enable
these miRNAs to cross cellular
boundaries, whether in EVs or tethered,
need to be deciphered. Identifying the
pathways will help us better understand
host—parasite interactions at a molecular
level.

Does the sequence and structure of
helminth miRNAs determine how they
are processed by mammalian cells?
The attributes of an miRNA, such as
its structure, sequence, and cellular
location, determine its behaviour and
interactions. There is still a knowledge
gap in the characterisation of these for
helminth miRNAs. Are there isomiRs?
Are they processed as clusters? And
what is the helminth miRNA machinery
involved in this biogenesis? Decoding
these characteristics could offer insights
into their activity, stability, and how they
are recognised or differentiated from
host miRNAs by the host's machinery.

How do helminth miRNAs operate
to regulate host gene expression?
Are helminth miRNAs multifaceted in
terms of their regulation? Can helminth
miRNAs bind to host miRNA to elicit
miRNA-to-miRNA regulation? In silico
predictions may provide support for
this mode of action.

Does helminth—host cross communi-
cation extend to other noncoding
RNAs? miRNAs represent just one
segment of the noncoding RNA tapes-
try present in helminths. Another com-
ponent, the long noncoding RNAs
(IncRNAs), found within helminths,
may have potent regulatory capabilities
that influence the dynamics of host—
parasite relationships. Interestingly,
these INcRNAs might have functionali-
ties that mirror those of mammalian
IncRNAs. To understand such parallels
and gain a deeper understanding of
their potential roles, an in-depth analy-
sis of the helminth transcriptome
would be required.

Is there an inverse pathway of
communication? Do host miRNAs
impact parasite development and/or
survival?
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their hosts. Addressing these considerations will also ascertain whether interfering with the func-
tions of parasite miRNAs and/or manipulating the expression of their gene targets offers a new
strategy to achieve therapeutic control of these pathogens and regulation of mammalian inflam-
matory responses.
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Effective management and control of parasitic infections on farms depends on their early detection.
Traditional serological diagnostic methods for Fasciola hepatica infection in livestock are specific

and sensitive, but currently the earliest detection of the parasite only occurs at approximately three
weeks post-infection. At this timepoint, parasites have already entered the liver and caused the tissue
damage and immunopathology that results in reduced body weight and loss in productivity. Here, we
investigated whether the differential abundance of micro(mi)miRNAs in sera of F. hepatica-infected
sheep has potential as a tool for the early diagnosis of infection. Using miRNA sequencing analysis,
we discovered specific profiles of sheep miRNAs at both the pre-hepatic and hepatic infection phases
in comparison to non-infected sheep. In addition, six F. hepatica-derived miRNAs were specifically
identified in sera from infected sheep. Thus, a panel of differentially expressed miRNAs comprising
four sheep (miR-3231-3p; miR133-5p; 3957-5p; 1197-3p) and two parasite miRNAs (miR-124-3p;
miR-Novel-11-5p) were selected as potential biomarkers. The expression of these candidates in

sera samples from longitudinal sheep infection studies collected between 7 days and 23 weeks was
quantified using RT-qPCR and compared to samples from age-matched non-infected sheep. We
identified oar-miR-133-5p and oar-miR-3957-5p as promising biomarkers of fasciolosis, detecting
infection as early as 7 days. The differential expression of the other selected miRNAs was not sufficient
to diagnose infection; however, our analysis found that the most abundant forms of fhe-miR-124-3p
in sera were sequence variants (IsomiRs) of the canonical miRNA, highlighting the critical importance
of primer design for accurate diagnostic RT-qPCR. Accordingly, this investigative study suggests that
certain miRNAs are biomarkers of F. hepatica infection and validates miRNA-based diagnostics for the
detection of fasciolosis in sheep.

The liver fluke parasite, Fasciola hepatica, is a trematode that causes fasciolosis, a major public health issue and
neglected tropical disease affecting over 2.4 million people in over 70 countries'—. Prevalence of liver fluke
infection is thought to be on the rise due to the spread of drug-resistant parasites and climate change*®. While
F. hepatica has adapted to infect every mammalian host that it has encountered®®, grazing ruminants are most
susceptible to E hepatica infection due to their ingestion of pasture and water contaminated with the infective
metacercariae. As such, fasciolosis is a significant economic burden to the livestock industry, with global losses
of over US $3 billion per annum?”®.

Within hours of ingestion, the E hepatica metacercariae excyst in the gut, releasing the newly excysted juve-
niles (NEJ), which penetrate the intestinal wall to migrate through the peritoneal cavity to the liver. This pre-
hepatic stage takes approximately two weeks, after which the pathology resulting from the parasite’s penetration
into the liver becomes evident®!!. Fasciolosis results from the tissue damage and bleeding caused by the parasite’s
burrowing and feeding in the liver and the associated immune-mediated pathology'*~'*. Within the liver, the
juvenile flukes grow and mature, and by 8-12 weeks, the adult parasites enter the bile ducts to establish chronic
infection, during which time they produce eggs that are excreted within the faeces, consequently contaminating
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pasture and continuing the life cycle’. Once established in their ruminant hosts, the parasites can survive for
months and even years if the infection is untreated''>.

Several methods are currently employed to diagnose fasciolosis in ruminants. While these techniques are
effective, they have notable limitations, especially for the detection of early infection'®!’. The gold standard for
liver fluke detection is the faecal egg count (FEC), which is a preferred technique as the presence of liver fluke
eggs represents a definitive diagnosis'®'. It is inexpensive, and both the sample collection and protocol are
uncomplicated'®. However, this method only detects infection at 8-12 weeks?’. In addition, due to the uneven
distribution of eggs in the faeces when the worm burden is low this method lacks sensitivity?'. Coproantigen ELI-
SAs can detect liver flukes two to three weeks earlier than FEC? but this antigen-based assay lacks sensitivity due
to the low and inconsistent abundance of the liver fluke antigens in the host samples®*?*. Higher sensitivity can
be obtained using serological techniques®. Detection of anti-liver fluke antibodies in serum is a more sensitive
alternative, and ELISAs for these have been proven to detect infection from three to four weeks post-infection.
However, this method cannot distinguish between new and previous infections**. Additionally, maternal anti-
bodies can persist in lambs for up to 12 weeks post-birth, limiting the applicability of this assay during the first
2 months on pasture®®. Another complication of antibody detection is the lack of specificity due to cross-reaction
with antibodies raised in response to other infections?. Finally, although the presence of liver enzymes within
sera samples, including glutamate dehydrogenase (GLDH), gamma-glutamyl transferase (GGT) and albumin,
are a good indication of liver damage, these changes are transient, variable, and not specific for the liver fluke?.

As there is currently no effective vaccine against E hepatica®, liver fluke control relies heavily on the available
chemical drugs, such as triclabendazole (TCBZ), closantel, and clorsulon®. Due to the challenge of detecting pre-
patent infection, farmers opt for preventative treatment measures involving blanket treatment of animals before
release onto pasture and further treatment depending on factors such as housing time, local climate, fasciolosis
prevalence, age of herd, and grazing period'”***2. Apart from the financial burden of drenching an entire herd
with flukicides, this practice is driving the emergence of drug resistance against these available chemical treat-
ments. As such, ‘test before you treat’ strategies are now being advocated for sustainable parasite control**-¥".
If early diagnosis was possible, anthelmintics could be administered to infected animals only, which would
prevent/minimise the parasites from breaching the liver capsule. This approach would reduce liver damage and
avert the loss of animals. Additionally, it would decrease the number of eggs dispersed onto pasture and curtail
the unwarranted use of flukicides. Thus, there is a clear industry requirement for new diagnostic tools that can
reliably identify F hepatica infections, particularly at the pre-hepatic phase of infection.

Micro(mi)RNAs are small non-coding RNAs that play a central role in all biological processes® and offer
great promise as markers of disease. Importantly, changes in their expression profiles have been correlated to
several pathologies, including infectious diseases®. In addition, circulating miRNAs are present and highly stable
in most bodily fluids, including blood, saliva, urine, and milk, making them robust candidates for non-invasive
diagnostic and prognostic biomarkers*.

Several studies have reported alterations in the abundance of both host and parasite-derived miRNAs in
circulation during helminth infections, suggesting their utility as biomarkers for detecting infection*'-*4. While
the diagnostic potential of circulating miRNAs during fasciolosis has not yet been explored, we have previously
shown that E hepatica miRNAs are expressed in a life cycle stage-specific manner and that fluke-derived miRNAs
can be detected in host cells during the pre-hepatic stage of infection*¢. Therefore, in this study, we explored
whether a differential abundance of host and F. hepatica miRNAs in sera was evident in experimental infected
sheep that could be used to diagnose F. hepatica infection, particularly from the early pre-hepatic stage of infec-
tion. This would enable prompt and effective intervention before the parasite causes significant liver pathology.

Materials and methods

Sheep sera samples from experimental F. hepatica infections

The sheep sera samples were taken from previous experimental infection studies, which were all carried out
according to standardised protocols to ensure consistency and reproducibility between studies. Male sheep were
orally infected with E hepatica metacercariae, and blood samples collected by jugular venepuncture at various
time points (Table 1), using appropriate blood collection tubes for serum collection. The blood was allowed to clot
at room temperature, followed by centrifugation at 1000 x g for 10 min in a refrigerated centrifuge. The serum was
collected and aliquoted into 1 ml aliquots that were frozen at — 80 °C. Four sets of sheep sera samples were used
in this study, with each set representing an independent infection cohort (Table 1). The samples from sets A, B
and D, were processed in the Molecular Parasitology Laboratory, Ireland. The samples collected in Spain (Set C)
were transported to the Molecular Parasitology Laboratory in Ireland frozen on dry ice. Upon delivery, they were
placed at — 80 °C. Samples used for this study were defrosted in the fridge the evening before RNA extraction;
this process was the first time they had been thawed since collection. Samples from Set A and Set B were used to
prepare the small RNA sequencing library. Set C (pre-hepatic time points) and Set D (hepatic time points) were
used for RT-qPCR validation of the diagnostic potential of selected miRNAs. Sets C and D were obtained from
longitudinal sheep E hepatica infection studies that included non-infected age-matched animals as field controls.

Ethics statement

Experimental procedures at Agri-Food and Biosciences Institute (AFBI; UK) were carried out under license from
the Department of Health, Social Services and Public by the Animal (Scientific Procedures) Act 1986 (License
No. PPL 2771; PPL 2801), after ethical review by the AFBI Animal Ethics Committee. Experimental procedures
at the University of Cordoba, Spain were carried out under license from 22-12-2015-381 in accordance with EU
Directive 2012/707/UE and RD 53/2013 following ethical approval from the University of Cordoba Bioethics
Committee (code no, 2015-PI-038).
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Samples for sequencing

Set A

Set B

Study type

Cross-sectional

Longitudinal

Cohort (infection type)

Pre-hepatic infection

Hepatic infection

Sheep breed

Dorset cross sheep

Dorset cross sheep

Sheep age (at day 0)

6 months

6 months

F hepatica isolate

Italian isolate (Ridgeway Research, UK)

South Gloucester isolate (Ridgeway Research, UK)

Infection dose

150 metacercariae

150 metacercariae

Collection time points

0,2,9, 14, 18 dpi (n=6/timepoint)

3,7, 10, 14 wpi, Neg-14 wpi (n = 6/timepoint)

Study location AFBI, UK AFBI, UK
Study reference 4 4
Samples for qPCR validation
Set C SetD
Study type Longitudinal Longitudinal

Cohort (infection type)

Pre-hepatic infection

Hepatic infection

Sheep breed

Merino-breed sheep

Dorset cross sheep

Sheep age (at day 0)

8 months

6 months

F hepatica isolate

Italian isolate

Italian isolate

Infection dose

150 metacercariae

120 metacercariae

Collection time points

0dpi (n=3 non-infected; 9 infected) 7, 14 dpi (n=14
non-infected; 11 infected)

3, 15, 20, 23 wpi (n=6 non-infected; 4-5 infected/
timepoint)

Study location

Cordoba, Spain

AFBI, UK

Study reference

Not published

47

Table 1. Details of the experimental . hepatica infections in sheep. dpi Days post-infection, wpi Weeks post-
infection, Neg-14wpi Non-infected age-matched control at 14 weeks.

RNA isolation from sheep sera, lamb tissue, and newly excysted juveniles

Small RNA extraction was performed on sheep sera using Tri-Reagent as described previously*®. Frozen serum
samples were thawed and 400 pl aliquots were treated with proteinase K (1 mg/mL) for 20 min at 37 °C to degrade
proteins. Then, 750 uL Tri-Reagent RT LS (Molecular Research, US) and 100 pL 4-bromoanisole was added to
each 400 pL of serum samples to solubilise the nucleic acids. The homogenate was gently mixed and centrifuged
at 12,000 x g for 20 min. The nucleic acids were precipitated with 5 pL of glycogen (5 mg/uL) and 500 uL of
100% isopropanol at —20 °C overnight. The RNA precipitate was pelleted by centrifugation at 12,000 x g, for
15 min, washed twice with 70% ethanol and reprecipitated by centrifugation at 12,000 x g for 10 min, and finally
re-suspended in RNase free H,O. For each serum sample, the RNA extracted from a total of 800 L starting
volume of sera was combined for subsequent analysis. All samples were processed at the same time, and each
400 pl aliquot was processed in the same manner. This process on average yielded 50 ng/pl of RNA per individual
serum sample. The quality and quantity of RNA was assessed by POLARstar” Omega Multimode Microplate
Reader (for small RNA sequencing library preparation) or NanoDrop reader (for RT-qPCR).

RNA was extracted from a sample of lamb rump using RNAzol RT (Molecular Research Centre Inc, USA).
Approximately 100 mg of tissue was snap-frozen with liquid nitrogen and homogenised in 1 mL of RNAzol RT
with a mortar and pestle for RNA extraction, which was performed as described previously*® and yielded 2 pg
of RNA.

The NEJ RNA had been previously isolated, as described by Ricafrente et al.*>. NE]Js were excysted using our
standardised protocols. The Fasciola hepatica metacercariae (Italian isolate), sourced from Ridgeway Research
Ltd (UK) were used for excystment and 24 h culture of NEJ. Specifically, metacercariae were removed from
the visking tubing and incubated for a maximum of 10 min in 2% sodium hypochlorite with agitation at room
temperature to remove the outer cyst wall. The parasites were then washed in distilled water by sedimentation to
remove all traces of sodium hypochlorite. The washed parasites were re-suspended in excystment medium (1.2%
sodium bicarbonate, 0.9% sodium chloride, 0.2% sodium tauroglycocholate, 0.07% concentrated hydrochloric
acid, 0.006% L-cysteine) and incubated for up to 3 h at 37 °C in 5% CO,. NE]J were recovered using a pipette and
washed several times in PBS by sedimentation to remove all traces of the excystment media. The NEJ were then
transferred to pre-warmed (37 °C) culture medium (RPMI 1640 medium (ThermoFisher Scientific) containing
2 mM L-glutamine, 30 mM HEPES, 0.1% (w/v) glucose, and 2.5 pg/ml gentamycin) and incubated for 24 h at
37 °Cin 5% CO2. Following the incubation, the NEJ were centrifuged at 400 x g for 5 min to pellet the NEJ and
the media was removed. The NE] pellet was washed three times with PBS and stored at — 80 °C prior to RNA
extraction. This process was carried out in triplicate using 1000 NEJ per replicate. No serum was used in the
culture media as these samples were also used for proteomic analyses as described by Cwiklinski et al.*’. RNA
was extracted using the miRNeasy mini kit (Qiagen) according to the manufacturer’s instructions. The QIAzol
Lysis Reagent was added directly to the frozen NEJ pellet for lysis and homogenization, and the RNA eluted into
a final volume of 50 pl RNase-free water. RNA integrity and concentration were verified using the 260/280 LVis
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plate functionality of the PolarStar Omega Spectrophotometer (BMG LabTech) and the Quant-iT RiboGreen
RNA Assay Kit (TermoFisher Scientifc). The RNA was transported to University of Technology, Sydney frozen
on dry ice and stored at — 80 °C upon delivery.

Sequencing and bioinformatics

RNA extracted from each time point (representing six animals) was pooled into a single representative sample to
provide sufficient yield of RNA for sequencing. RNA library preparation was performed by Macrogen Oceania
(NSW, Australia) using 1 pg of total RNA with the TruSeq Small RNA library Prep Kit according to manufac-
turer’s instruction (Part#15,004,197 Rev. G) and sequenced using Illumina NextSeq 500. The quality of the raw
FASTq files was assessed using FastQC®, and consequently the adaptor sequences were excised, and low-quality
sequences were removed (< 20 phred score, and short read length < 18 nt) using the bioinformatic tool CutAdapt
(v3.4)°". The cleaned sheep sera sequence reads were then aligned against known sheep mature miRNAs from
miRBase: Ovis aries (Oar_V4.0) using Bowtie (v1)*?, allowing zero mismatches. The miRNA sequence reads that
did not align against the sheep miRNAs were then aligned against E hepatica mature miRNA sequences from
miRBase (Fhepatica_v1) and other published sources***->* (Supplemental Table 1) allowing zero mismatches.
The counts for the sheep and E hepatica miRNAs were extracted from the resultant Sam files using SamTools®®.

Characterisation of the differential expression of miRNAs in sheep sera

DESeq2°” was performed on the sheep miRNA read counts to assess the differential expression of circulating
host-miRNAs during infection in comparison to non-infected sheep. The sequencing data from Set A, infection
cohort (2,9, 14, and 18 days post infection; dpi) were grouped as “pre-hepatic infection”, and samples in the Set
B cohort (3, 7, 10, 14 weeks post infection; wpi) were grouped as “hepatic infection”, while the sequencing data
from 0 dpi (pre-infection) and 14 days non-infected animals were grouped to provide a duplicate set of “non-
infected” samples. Only miRNAs with a sum of > 10 counts across all samples and with an adjusted p-value <0.05
were included in the subsequent analyses. Log2Fold change of 2 (Log2FC2) or fourfold cut-oft was applied to
identify the most differentially expressed miRNAs.

RT-qPCR

Custom Tagman small RNA primers were designed for sheep and E hepatica miRNAs, as listed in Table 2. The
custom Tagman RT primers and TagMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems, US) were
used for the synthesis of cDNA from 150 ng of RNA extracted from each sample (Set A and B were pooled RNA
samples; Set C and D were individual samples), as per manufacturer’s instructions. Then 4.5 pl of cDNA was used
for qPCR, with undiluted cDNA used for E hepatica miRNAs, while for the sheep miRNAs the cDNA was diluted
1:2 in dH,0. The qPCR was performed using the custom TagMan primer and TagMan™ Fast Advanced Master
Mix. Samples were prepared on a MicroAmp optical 96-well reaction plate as technical triplicates (Life Technolo-
gies, USA) and analysed using the QuantStudio 6 Flex real-time PCR system (Life Technologies, USA). Default
settings on the instrument software for Tagman® reagent Fast was used for qPCR reaction, initial denaturation
at 95 °C for 20 s, followed by 40 cycles of 1 s denaturation at 95 °C and a 20 s annealing/extension at 60 °C. The
starting concentration of the samples, presented as NO value, was calculated from the qPCR amplification raw
data using LinRegPCR software v11°%.

Statistical analysis

Statistical analysis of RT-qPCR data was performed with GraphPad Prism (v 10). Non-parametric Welch’s two
tailed t-test was performed to compare infected versus non-infected samples at each timepoint. p value <0.05
was considered as statistically significant.

Results

Differential abundance of host circulating miRNAs during F. hepatica infection

To identify the presence of circulating miRNAs that are associated with developing fasciolosis, that may be
considered as candidate diagnostic biomarkers, small RNA sequencing was performed on RNA extracted from
sera of experimentally infected sheep. Sera collected from two distinct E hepatica infection studies (Set A and B;
Table 1) was used for this analysis; Sera in the Set A samples were collected at 2, 9, 14, 18 dpi, and Set B comprised

Species miRNA Canonical/isomiR | Sequence

oar-miR-133-5p Canonical UUGGUCCCCUUCAACCAGCUGU
o oar-miR-323a-3p | Canonical CACAUUACACGGUCGACCUCU

Ovis aries oar-miR-3957-5p | Canonical CUCGGAGAGUGGAGCUGUGGGUGU
oar-miR-1197-3p | Canonical CCCUUCCUGGUAUUUGAAGACG
the-Novel-11-5p | Canonical AAGCUCGUAGUUGGAUCUGGGU

E hepatica | the-miR-124-3p | Canonical UUAAGGCACGCGGUGAAUGUCA
fhe-miR-124-3p | IsomiR UUAAGGCACGCGGUGAAU

Table 2. Mature miRNA sequences used to design custom TagMan primers.
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of sera taken at 3, 7, 10, 14 wpi*’. Sera was also collected from uninfected animals in each study, harvested at
time points coincident with a pre-infection (0 dpi,Set A) and 14 weeks (Set B) timepoint.

As the initial RNA sequencing analysis of these individual samples was unsuccessful due to low RNA vyield,
RNA from six sera samples at each time point was pooled for preparation of the small RNASeq library. The
resulting sequencing data was screened against the 153 mature miRNA sheep sequences registered in miRBase
(Oar_V4.0). On average, 104 and 108 out of 153 sheep miRNAs were detected in the uninfected and infected
sheep samples, respectively (Supplemental Table 2). Hierarchal clustering of the sequencing data from the differ-
ent time points revealed a distinct separation in the miRNA expression between early and late infection (Fig. 1A).
To measure differential expression (DE) during disease progression, the sequencing reads were grouped as pre-
hepatic (2, 9, 14 and 18 dpi; thus n=4) and hepatic (3, 7, 10 and 14 wpi; n=4) samples. Comparative analysis
was then conducted using the expression profile from the sera from non-infected sheep (pre-infection 0 dpi and
14 wpi; n=2). Principal component analysis (PCA) verified that samples produced distinct clusters, correctly
grouping the pre-hepatic and hepatic samples (Fig. 1B).

Comparing the sheep miRNAs between the non-infected, pre-hepatic, and hepatic stages of infection revealed
several distinct miRNAs that were significantly increased or decreased in their abundance during the progres-
sion of infection. A four-fold cut-off (Log2FC2) was applied to these miRNA profiles to distinguish the subset
of miRNAs that were most highly altered in expression and, therefore, most likely to be above a threshold of
differential abundance to support the diagnosis of infection and potentially differentiate between the pre-hepatic
and hepatic stages of disease.

This revealed the presence of six miRNAs that significantly increased during the pre-hepatic stage of the
infection phase when compared to non-infected animals (Fig. 2A; Supplemental Table 3A). Of these, the change
in expression ranged from 2 to sixfold, but the differential expression of oar-miR-323a-3p, oar-miR-133-5p, and
oar-miR-3957-5p were the most significantly increased in the infected animals. The increased expression of oar-
miR-3957-5p and oar-miR-541-3p, seen in the pre-hepatic samples, was also evident during the hepatic stage
in infected sheep as compared to non-infected sheep, albeit at a reduced level (Fig. 2B; Supplemental Table 3B).
In contrast, the presence of oar-miR-133-5p, and oar-miR-323a-3p were significantly downregulated during
the hepatic stage of infection, as compared to the pre-hepatic timepoints (Fig. 2C; Supplemental Table 3C).
Additionally, oar-miR-1197-3p was identified as the only miRNA significantly reduced during the hepatic stage
of infection compared to uninfected animals and pre-hepatic infection (Fig. 2B,C; Supplemental Table 3B,C).

Small RNA sequencing revealed the presence of F. hepatica derived miRNAs in the serum of
infected sheep

To determine if miRNAs derived from F hepatica were present in the sera from infected sheep, sequencing reads
that did not align to sheep mature miRNAs were screened against known F. hepatica miRNAs (Supplemental
Table 1). Critically, no parasite-derived miRNA sequences were identified within the sera samples collected from
non-infected sheep and, thus, validated this approach. In contrast, six liver fluke miRNAs were found within the
sera from infected sheep (Table 3). These miRNAs displayed a distinct pattern of expression correlating to the
division of samples into pre-hepatic and hepatic phases of infection. Specifically, two miRNAs were detected
only at the pre-hepatic stage of infection: the-miR-124-3p and fhe-miR-71a-5p; however, the-miR-124-3p had
higher read counts and was observed at all the timepoints, suggesting it may be a more robust infection marker
than fthe-miR-71a-5p. While three microRNAs (fhe-Novel-102-3p, the-miR-277a-3p, and the-miR-750-3p) were
linked to the hepatic phase of the infection, their counts per million (CPM) were all below 13, suggesting a low
abundance. Only the-Novel-11-5p, was found throughout the entire infection, detected in all serum samples
from both the pre-hepatic and hepatic stages.

Selection of sheep and F. hepatica derived miRNAs as potential biomarkers of fasciolosis
Based on our sequence analysis, a panel of sheep and parasite-derived miRNAs were curated as potential bio-
markers of F. hepatica infection due to their differential abundance in infected compared to non-infected sheep
and their presence across the different stages of infection (Fig. 3). This panel comprised four sheep miRNAs and
two F hepatica miRNAs. The sheep miRNAs included oar-miR-133-5p and oar-miR-323a-3p, which were the
most significantly upregulated miRNAs in pre-hepatic infection versus non-infected animals; oar-miR-3957-5p
which was consistently elevated (log2FC4) in pre-hepatic and hepatic infection; and oar-miR-1197-3p which
was downregulated in hepatic infection compared to both non-infected and pre-hepatic infection. The parasite
miRNAs for the selected biomarker panel included the-miR-124-3p and the-novel-11-5p, which had the highest
read numbers in sheep sera.

While sequencing analysis provided high-throughput screening of RNA sequences, it is not practical for
large-scale diagnosis of fasciolosis. RT-qPCR represents a more suitable method for determining the differential
expression of miRNAs in simultaneous samples of sheep sera. On this basis, a series of qPCR primers specific
to each of the selected miRNA sequences was designed. To first test the ability of these primers to specifically
detect the candidate diagnostic miRNAs, lamb tissue was employed as a positive test sample for evaluating
the performance of sheep miRNA specific primers, while RNA isolated from F hepatica NE] was used as the
positive control to assess the efficacy of primers designed to detect the liver fluke miRNAs. This life cycle stage
(NEJ) of the parasite was selected because the-Novel-11-5p is reportedly only expressed in NEJ and not in the
juvenile or adult worms (both liver stages), while fthe-miR-124-3p is present throughout all intra-mammalian
life cycle stages with the highest expression in the NEJ**. Based on the results from these RT-qPCR tests, oar-
miR-1197-3p was excluded from further analysis due to its low copy number and late Cq (~33) in lamb tissue,
with undetectable levels in non-infected sheep sera (Supplemental Table 4). According to the sequencing data,
the expression level of this miRNA was expected to decrease during the hepatic phase of infection (Fig. 3).
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Figure 1. Differential abundance of sheep miRNAs in sera during Fasciola hepatica infection. (A) Heatmap of
relative abundance of sheep miRNAs (CPM) in non-infected sheep (0 day-Neg, 14 week-Neg), early/pre-hepatic
infection (2 days post infection (dpi), 9 dpi, 14 dpi, 18 dpi), and late/hepatic infection (3 weeks post infection
(wpi), 7 wpi, 10 wpi, 14 wpi). The heatmap was created using idep.96>’, miRNAs were ranked by their standard
deviation across all samples and hierarchical clustering carried out for the top 100 miRNAs . Expression of
miRNAs represented as high (red) or low (blue) relative to total expression of miRNA across infection groups.
(B) Principal component analysis (PCA) plot of total sheep miRNA abundance in non-infected sheep (green),
pre-hepatic infection (2-18 days post infection) (blue), and hepatic infection (3-14 weeks post infection) (red).
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Figure 2. Circulating host-miRNA profiles are distinct during early and late E hepatica infection compared to
non-infected animals. Volcano plots show differential expression of sheep miRNAs using DESeq?2 in (A) pre-
hepatic infection compared to non-infected sera samples, (B) hepatic infection vs non-infected sera samples,
and (C) hepatic infection vs pre-hepatic infection. Genes that are more than +log2 fold change 2 (FC) with
significant p value (<0.05) are denoted in red.

Non-infected Pre-hepatic Hepatic
miRNA Neg-0dpi | Neg-14wpi |2dpi |9dpi | 14dpi | 18dpi |3wpi |7wpi |10wpi |14 wpi
fthe-miR-124-3p 0 0 59 32 44 28 0 0 0 0
the-Novel-11-5p 0 0 7 0 0 3 13 12 6 0
the-Novel-102-3p 0 0 0 0 0 0 0 13 9 0
the-miR-277a-3p 0 0 0 0 0 0 0 8 5 7
fthe-miR-750-3p 0 0 0 0 0 0 0 5 0 4
the-miR-71a-5p 0 0 0 8 0 0 0 0 0 0

Table 3. Total read counts of Fasciola hepatica miRNAs detected within sheep sera samples. (n=6 sheep sera
pooled/ time point); dpi Days post-infection, wpi Weeks post-infection, Neg-0 dpi Pre-infection timepoint,
Neg-14 wpi 14 Weeks age-matched non-infected control.
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Figure 3. Selection of host and F hepatica miRNAs as biomarkers for pre-hepatic and hepatic stages of
fasciolosis. Relative abundance of selected sheep and parasite miRNAs in uninfected animals (0 dpi-neg, 14
wpi-neg), pre-hepatic infection (2 dpi, 9 dpi, 14 dpi, 18 dpi), and hepatic infection (3 wpi, 7 wpi, 10 wpi, 14
wpi), represented as high (red) or low (blue) normalised read counts. dpi Days post infection, wpi Weeks post
infection.

However, as it was not amplified in the test sera sample from non-infected sheep, a further decrease following
the progression of F. hepatica infection would be impossible to detect by qPCR, thus negating its potential as a
biomarker for hepatic infection.

In contrast, the Cq value of oar-miR-133-5p, oar-miR-323a-3p, and oar-miR-3957-5p were within an accept-
able diagnostic range (Supplemental Table 4), making them suitable for further analysis. In addition, the ampli-
fication of products from the Set A and B sera samples using these primers validated the sequencing data, as
the pattern of expression was consistent with the distribution of read counts within the sequencing data. This
RT-qPCR analysis verified that both oar-miR-133-5p and oar-miR-323a-3p were only present in the pre-hepatic
set of samples whereas oar-miR-3957-5p was detected in samples from both the pre-hepatic and hepatic stages
of infection (Supplemental Fig. 1).

Of the F hepatica miRNAs, the-miR-124-3p and the-Novel-11-5p primers unexpectedly amplified products
in both NEJ and lamb tissue (Supplemental Figs. 2A, 3A). Also, the primers designed to detect the-miR-124-3p
produced extremely late, or no Cq, when tested further on the RNA samples from the sera from infected sheep
that had been sequenced (Sets A and B; Supplemental Fig. 2B). Given these inconsistencies with the results from
the test RT-qPCR in comparison to the sequencing data, a more in-depth analysis of the sequencing data for
these two miRNA sequences was conducted.

This analysis revealed that the full-length canonical sequence of the-Novel-11-5p was not present within the
sequencing reads, but a shorter variant (isomiR) missing four nucleotides at the 3’ end was identified instead.
Furthermore, by aligning this shorter sequence to the known sheep sequences using BLASTN (filtering for Ovis
aries, txid:9940) revealed that the the-Novel-11-5p sequence fully aligned with sheep ribosomal RNA (Supple-
mental Fig. 3B), which provides an explanation for the detection of the-Novel-11-5p in lamb tissue. In addition,
as ribosomal RNAs are part (10%) of the extracellular RNA population found in sera due to cellular turnover
or secretion of microvesicles as a consequence of tissue injury®, it is likely that the detection of this sequence in
the sera of infected sheep, but not uninfected sheep, reflects the host response to infection with Fasciola, or the
tissue damage caused by the migrating parasite.

However, due to the uncertainty of whether this result is unique to E hepatica and thus indicative of infection,
the-Novel-11-5p was omitted from subsequent analyses.

While the canonical sequence for the-miR-124-3p was not present in the sequencing reads from the sheep
sera samples, this miRNA was found to be present as several sequence variants (isomiRs), missing nucleotides
primarily at the 3’ end and to a lesser extent at the 5’ end (Fig. 4A). Furthermore, the sequence of the canoni-
cal the-miR-124-3p was similar to cattle bta-miR-124-3p (Supplemental Fig. 4A), with only three nucleotides
mismatched at the 3’ end, suggesting that the corresponding sheep oar-miR-124-3p was likely missing from
miRbase, and was thus not filtered from the sequencing reads during our initial analysis.

Consequently, a 100% sequence identity of the bta-miR-124-3p precursor sequence to the non-coding region
of sheep RNA confirmed the presence of oar-miR-124-3p and that oar-miR-124-3p is identical to bta-miR-124-3p
(Supplemental Fig. 4B). Accordingly, the shorter two most dominant sequence variants of the-miR-124-3p found
in infected sheep sera matched 100% with both sheep and E hepatica miR-124-3p (Fig. 4A). Therefore, it is
impossible to determine whether the sequencing reads for the miR-124-3p variant that are increased during F
hepatica infection originated from sheep, parasite, or both. Nonetheless, the differential abundance of this miRNA
classified it as a suitable candidate as a potential biomarker of infection and, thus, a primer was designed for the
most dominant 3 trimmed variant of miR-124-3p. This primer effectively distinguished the pre-hepatic stage of
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Figure 4. E hepatica miR-124-3p was present as several sequence variants (isomiR) in sera of infected sheep.
(A) Total read counts of the miR-124 isomiRs present at the different time-points of infection in Set A and Set

B sera. The canonical sequence is shown in yellow. The sequence of the most dominant isomiR (red bar) was
used for qPCR primer design. (B) RT-qPCR amplification plot from primer test of the most dominant the-
miR-124 isomiR in Set A and Set B sheep sera samples. dpi Days post infection, wpi Weeks post infection, neg
Non-infected controls, NTC No template control and lamb tissue. (C) RT-qPCR quantification of the dominant
the-miR-124-3p isomiR presented as the starting quantity of genetic material prior to amplification (NO) as
determined by LinRegPCR (v.11) This is calculated in the unit of the Y-axis of the PCR amplification plot, which
are arbitrary fluorescence units. The average NO value of two technical replicates are shown for each time point.

infection (Cq <26) from both the hepatic stage and non-infected (Cq > 33) sheep using the Set A and B sequenced
sera samples, an outcome that was consistent with the read counts from the sequencing data (Fig. 4B,C; Table 3).

Based on these analyses, the miRNA biomarker panel for gPCR validation was refined to include four miR-
NAs: oar-miR-133-5p, oar-miR-323a-3p, oar-miR-3957-5p, and the/oar-miR-124-3p.

Circulating oar-miR-133-5p and oar-miR-3957-5p can diagnose fasciolosis from as early as
7 days post-infection

To confirm the diagnostic potential of the selected miRNAs, RT-qPCR validation was performed on an inde-
pendent archived set of sera samples harvested from individual sheep during two longitudinal infection studies;
a pre-hepatic infection cohort comprised of sera collected at 0 (pre-infection), 7, and 14 days post-infection (Set
C), a hepatic infection cohort with samples collected at week 3, 15, 20 and 23 post-infection (Set D), and age-
matched non-infected animals for each of the timepoints.

From this analysis, the expression levels of both oar-miR-323a-3p and the/oar-miR-124-3p was almost identi-
cal in the sera from non-infected and infected sheep over the course of infection (Fig. 5A,B), suggesting that these
miRNAs cannot be used as indicators of fasciolosis. It is possible that this discrepancy between this RT-qPCR
analysis and the sequencing data reflects the difference in sample preparation, with the sequencing performed
on a pooled sample of sera from a cohort of six sheep. The variability in the expression of miRNAs across sheep
samples is evident when sera from individual sheep was assessed by RT-qPCR, which in a pooled sample would
create an incorrect representation of expression levels within individual samples. Furthermore, through the
inclusion of age-matched non-infected sheep, it is apparent that the expression of miRNAs can change over time,
irrespective of whether the animal is infected (Fig. 5). As the sample collection that was originally sequenced
lacked a full panel of age-matched controls, this alteration in expression was not fully captured, and the appar-
ent differential abundance of miRNAs associated with infection within the sequencing data, may have simply
been a variation due to age.

Consistent with the sequencing data, the RT-qPCR analysis revealed that the expression of both oar-miR-
133-5p and oar-miR-3957-5p was elevated in the sera of infected animals compared to age-matched non-infected
animals (Fig. 6A,C). Furthermore, as these were longitudinal studies, the miRNA expression level in individual
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Figure 5. RT-qPCR assessment of sera samples invalidates the diagnostic potential of oar-miR-323a-3p and
the-miR-124-3p. The expression of (A) oar-miR-323a-3p, (B) the-miR-124-3p were determined by RT-qPCR
and are presented as the starting quantity of genetic material prior to amplification (NO) as determined by
LinRegPCR (v.11). This is calculated in the unit of the Y-axis of the PCR amplification plot, which are arbitrary
fluorescence units. The data is presented as the mean + SEM (n=3-14; as shown in Table 1). The statistical

significance of differences between infected and non-infected samples was determined using Welch’s t-test (two-
tailed).

sheep in the pre-hepatic infection cohort could be tracked over time. As such, the fold change at 7 and 14 days
compared to day 0 for each animal was examined. This approach revealed that the expression levels of both oar-
miR-133-5p and oar-miR-3957-5p were significantly elevated in the infected animals at day 7 and 14 from day 0,
but not in the non-infected animals (Fig. 6B,D). Early elevation in the levels of these two miRNAs was consistent
with the sequencing data, whereby an upregulation in miRNA expression was seen from 2 dpi (Fig. 3). The sera
samples representing the hepatic stage of infection were harvested from a separate infection cohort to the earlier
time points, so could not be tracked in individual sheep from day 0.

Nonetheless, corroborating the sequencing data, the level of expression of oar-miR-133-5p in the sera of
infected animals, other than a single peak at 20 wpi, was reduced as infection progressed, as compared to the
earlier time points (Fig. 6A). In addition, validating the sequencing data, the increase in oar-miR-3957-5p in sera
from infected sheep was generally sustained throughout the entire observation period, with a lower expression
level compared to the pre-hepatic phase of infection (Fig. 6C).

In conclusion, these data indicate that both oar-miR-133-5p and oar-miR-3957-5p are biomarkers of early,
pre-hepatic infection. In addition, the difference in expression of oar-miR-3957-5p between infected and non-
infected sheep over the entire observation period suggests that this may represent an unchanging marker of infec-
tion, which, in the absence of an increase in oar-miR-133-5p, would indicate late stage/hepatic phase of infection.

Discussion

The severe impact of fasciolosis on animal welfare and the significant economic cost it imposes on the livestock
industry highlights the need for a reliable and robust biomarker that can effectively guide anthelmintic treatment
and facilitate the management and control of liver fluke on farms!”. The development of an accurate diagnostic
method for acute infection is of paramount importance since such a tool would enable timely intervention to
prevent liver flukes from inflicting liver pathology, which would mitigate the risk of sudden fatalities associ-
ated with a high liver fluke burden (in approximately 10% of infected sheep) and disrupt the liver fluke lifecycle
by preventing the parasite from reaching the bile duct to lay eggs, which in turn, would curb the spread of the
infection within grazing pastures.
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Figure 6. RT-qPCR demonstrates the differential expression of oar-miR-133-5p and oar-miR-3957-5p in

sera from infected sheep as compared to uninfected animals. Quantification of (A) oar-miR-133-5p and (C)
oar-miR-3957-5p in the sera of individual sheep in response to infection was determined by RT-qPCR and is
represented as the starting quantity of genetic material prior to amplification (NO) as determined by LinRegPCR
(v.11). This is calculated in the unit of the Y-axis of the PCR amplification plot, which are arbitrary fluorescence
units. The data is presented as the mean + SEM (n=3-14; as shown in Table 1). (B) Fold change of oar-miR-
133-5p and (D) oar-miR-3957 expression at 7 or 14 dpi in comparison to 0 dpi in the sera of individual sheep in
the pre-hepatic cohort. The data is presented as the mean + SEM (n =3 non-infected; 9 infected sheep for which
data was available at all three timepoints). In all cases the statistical significance of differences between sera from
infected versus uninfected sheep was determined using Welch’s t-test (two-tailed).

Given this need, exploiting the differential abundance of circulating miRNAs as a biomarker of infection
represents an attractive diagnostic tool. Circulating miRNAs exhibit exceptional stability, rendering them a highly
suitable choice for diagnostic purposes, particularly in the setting of a farm where controlling sample collection
and storage can be challenging. For this reason, miRNAs have gained significant attention for their diagnostic
potential in a range of pathogenic infections, and due to their immediate alteration in expression in response to
infection they are appropriate markers for the detection of early infections®.

In this study, we assessed the utility of miRNAs in detecting both pre-hepatic and hepatic fasciolosis using
sera samples collected from sheep with experimental subclinical disease. The results provide the first evidence
that unique miRNA expression signatures in ruminant sera are associated with the distinct pathological stages
of fasciolosis. The data supports the hypothesis that differentially expressed miRNAs can serve as prognostic
markers for fasciolosis and, moreover, demonstrates that unique miRNA expression patterns emerged as early
as 2 days post-infection. Therefore, miRNAs could offer superior sensitivity in fasciolosis diagnosis compared
to conventional, commercial methods, such as FEC and serological ELISAs.

The analysis of sera samples from age-matched infected and non-infected sheep in the RT-qPCR validation
demonstrated the paramount importance of incorporating age-matched samples in any screening protocol aimed
at characterising miRNAs as diagnostic biomarkers. As demonstrated in this study, the differential expression of
miRNAs quantified using RT-qPCR exhibited significant age-related variability. Specifically, the expression of
oar-miR-323a-3p, which we initially described as a potential biomarker from sequencing data (without appro-
priate age-matched samples), was subsequently discovered using RT-qPCR to vary significantly over time in
non-infected sheep, with relatively higher expression as the animals aged.

Despite encountering challenges with variations in miRNA expression levels due to age, our longitudinal
approach of assessing miRNA expression in individual animals over time successfully addressed these issues.
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Our findings indicate that the expression of certain miRNAs in sheep increased in response to infection, irrespec-
tive of the animal’s age. Given this observation, we would recommend that for any miRNA-based diagnostics
studies, it may be necessary to collect serum samples from animals at their initial exposure to pasture to set a
benchmark for each animal’s miRNA expression. Future serum samples can then be compared to this baseline
to accurately assess the onset and progress of infection. This approach could also be effectively adapted to sen-
tinel screening practices for monitoring liver fluke prevalence over a grazing season, as we have employed with
serological tests®2,

While the potential of using miRNA detection to support the diagnosis of fasciolosis has been established in
this study, further evaluation is required to ensure specificity. For example, circulating oar-miR-3957-5p has been
reported to be elevated in high stress responding female sheep when challenged with bacterial LPS®*%* suggesting
that this miRNA could be upregulated in response to other broad infections. Furthermore, the sheep in our study
were all male; the possibility that any differential expression in miRNAs is sex-related would need to be consid-
ered. In addition, miR-133-5p was reportedly upregulated in early bacterial infection in a marine lancelet species
(Branchiostoma belcheri)®, and in the plasma of chronic obstructive pulmonary disease patients, and tumour
cells of various cancers, including gastric and colon cancer®®®’. Hence, while oar-miR-133-5p and oar-miR-3957
are indicated as promising biomarkers for fasciolosis, their specificity to fasciolosis must be further explored.

To address the issue of specificity in another way, the results of differential expression of host miRNAs could
be amalgamated with the detection of liver fluke miRNAs. Liver fluke miRNAs are likely deliberately secreted
by the parasite to manipulate the host’s immune response or are passively released from dying parasites. While
several helminth studies have demonstrated the presence of parasite-derived miRNAs in host circulation*?*>8,
this is the first study to demonstrate the presence of F. hepatica derived miRNAs in infected host circulation
(importantly that of a ruminant). Furthermore, the temporal expression of the liver fluke-derived miRNAs
correlated with their expression pattern that we previously reported over the course of the intra-mammalian
stages of development®. For instance, fhe-miR-124-3p and the-miR-71a-5p, both of which were found to be
most abundant in NEJ, were detected in sheep sera at the pre-hepatic stage of infection. On the other hand,
the-miR750-3p and the-Novel-102-3p, both most highly expressed by adult worms, were detected at the hepatic
stage of infection. Notwithstanding that many parasite-derived miRNAs are present at very low copy numbers,
it remains to be determined whether they could be amplified to detectable levels of RT-qPCR.

We also discovered that several helminth miRNAs are highly conserved and, therefore, have sequences that are
nearly identical to their mammalian hosts. In this study, F. hepatica-derived miRNAs in sheep sera were detected
using a rigorous filtering process in the analysis of sequencing reads; only reads that did not align with the sheep
mature miRNAs from miRBase were aligned to E hepatica miRNAs, allowing zero mismatches, to eliminate any
false identification of sheep miRNAs as parasite miRNAs. Furthermore, the presence of the parasite-miRNAs in
sera samples from infected sheep but not in the non-infected samples provided confidence that these miRNAs
exclusively originated from the parasite. However, further investigation revealed that two of the identified liver
fluke miRNAs, namely the-miR-124-3p and the-Novel-11-5p, were present as trimmed isomiRs in the sheep sera,
that were also conserved with sheep sequences. While previous studies have reported the presence of helminth-
derived miRNAs in host circulation*>**%, the existence of such sequence variants has not yet been documented.
This unique discovery raises important new considerations regarding the interpretation of sequencing data for
the discovery of helminth (or pathogen)-derived miRNAs such as miR-124-3p.

In summary, our research has characterised the differential abundance of parasite and host serum miRNAs
during infection with E hepatica in a ruminant host. Two miRNA biomarkers with diagnostic potential for fascio-
losis were identified following a stringent selection process. Lowering the threshold of selection from sequencing
data to a twofold change in expression could reveal additional miRNA targets and provides an opportunity to
expand the available miRNA biomarker panel. The data presented here has established the suitability of develop-
ing the measurement of sheep miRNA expression into a diagnostic tool for fasciolosis, potentially through a PCR
blood test. Achieving this potential will require extensive field studies to determine the precise sensitivity and
specificity of this method. While our current findings are based on controlled experimental infections of sheep,
the ultimate goal will be to test the effectiveness of these miRNA biomarkers in naturally infected animals. Such
real-world conditions present a more complex scenario for diagnosis due to varying worm burdens, infection
dynamics, overlapping temporal infections, and the potential for co-infections (liver fluke and other pathogens).
Importantly, validation of these miRNA biomarkers in the field could lead to their use in point-of-care technolo-
gies at the farming level. This would be particularly beneficial in environments where access to technical expertise
and resources is limited, offering a practical and user-friendly method for detecting fasciolosis in the field.

Data availability

The RNA sequencing data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through
GEO Series accession number GSE254115. All other data is available from the corresponding author on reason-
able request.
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Ago2 mouse gene

Gene: Ago2 eEnsMUSG00000036698

Description argonaute RISC catalytic subunit 2 [Source:MGI Symbol;Acc:MGI:2446632 )
Gene Synonyms 1110029L17Rik, 2310051F07Rik, Eif2c2, argonaute 2
Location Chromosome 15: 72,967 ,693-73,056,784 reverse strand.
GRCm39:CM001008.3
About this gene This gene has 3 transcripts (splice variants), 209 orthologues, 3 paralogues and is associated with 18 phenotypes.

Transcripts Hide transcript table

Show/hide columns (1 hidden)

Transcript ID Name bp Protein Biotype CCDS ¥ UniProt Match Flags
ENSMUST00000044113.12 | Ago2-201 | 13800 | B860aa |Prﬂtemcnd|ng CCDS37098 & Q8CJGO Ensembl Canonical GENCODE basic APPRISP1  TSL:A

ENSMUSTO0000230464.2 Ago2-203 617 Mo protein | Protein coding CDS not defined -
ENSMUSTO0000230158.2  Ago2-202 616 | No protein | Protein coding CDS not defined -




CCDS set

Genes (Comprehensive

set from GENCODE M33)

Piece of DNA that will be deleted if both sgRNA guides cut at the same time is shown in the red box

Ago2 transcript 201

! 109.09 kb Forward strand _p
?Z.BIE-I"-'Ib o ?Z.B:BI"-'Ib ?S.I];I]Mb ?E.I]IZMI:: ?S.I}Ifl-l"-'lb ?S.I}IEMI::
CCDS527516.1 =
protein coding
Ft+—

protein coding

0
Chracl-201 - ENSMU4TOO00D08BI7ES =
protein coding

Chracl-202 - ENSMU4TO0000134353 =

Contigs < AC118640.8 AC161581.3 =
Genes (Comprehensive ' | N S N S S A S Y A S e - - - 1
set from GENCODE M33) < Ago2-201 | ENSMUSTO0000044113
protein codirg
CCDS set Attt S | o |
FRER AR < CCDS37098.1
protein coding
Requlatory Build L - IHnlimmmnC
I | i i
T-"E.BIE-Mb ?E.BIBMb ?E.DII]Mb ?E.I]IEMI:: ?E.I}Iﬂbe ?S.I]IEMI::
g Reverse strand 109.09 kb i
Gene Legend
Protein Coding
B Ensembl protein coding
I merged Ensembl/Havana
B ccDs set
Regulation Legend
B cTcF enhancer
open chromatin B cromoter

I promoter flank

transcrption factor binding



sgRNAs for Ago2 KO

Ago2 sgRNA1: GTGGTGCCGAAGTCCGGCCG
This guide cuts downstream of the ATG of Ago2 (transcript 201) in the second coding exon

between amino acid 29 and amino acid 30.
If ssRNA2 does not cut, a frameshift may still be created, resulting in a KO allele.

Ago2 sgRNA2: AAGCGCCCCTCGTCAACGAA

This guide cuts 890bp upstream of the Ago2 stop codon (transcript 201).
Simultaneous cutting of sgRNA1 and sgRNA2 would remove the majority of the Ago2 gene.



sgRNA1 for Ago2 shown on genomic DNA

TTTTCCAGTTCTTGCTTCTCCTGCTCCGACAACATCACCCATCCCAGGATATGCCTTCAAACCTCCACCTCGGCCGGACTTCGGCACCACCGGGAGAACAATCAAACTACAGGCCAATTTCTTTGAAATGGACATCCCCAAAATTG
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T

ACTG
} + } + } + } + } + }
TGACAAAAGGTCAAGAACGAAGAGGACGAGGCTGTTGTAGTGGGTAGGGTCCTATACGGAAGTTTGGAGGTGGAGCCGGCCTGAAGCCGTGGTGGCCCTCTTGTTAGTTTGATGTCCGGTTAAAGAAACTTTACCTGTAGGGGTTTTAAC

1 30 1 1 | L 35 | L I 40 L L L 45 L L | L 50 I L I
F F E M D I P K I

1 10 1 1 1 1 15 1 1 1 1 20 1 1 1 1 25 1 1 1 . .
L A S P A P T T S P I P G Y A F K P P P R P D F G T T G R T I K L Q A N
Ago2-201 >

L soRnaL
PAM
A

cut sgRNA1

ACATCTATCACTATGAATTGGACATCAAACCTGAGAAATGCCCTCGGAGAGTGAACAGGTATCTTCT 3’
1 1 1 1 1 1 1 ' |
T T T 217
T T 1

TGTAGATAGTGATACTTAACCTGTAGTTTGGACTCTTTACGGGAGCCTCTCACTTGTCCATAGAAGA

1 55 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1
P E K C P R R \ N R Y L

D I Y H Y E L D 1 K
Ago2-200 >




sgRNA2 for Ago2 shown on genomic DNA

TGCAGCGCTGAAGGAAGCCATACCTCTGGGCAGAGCAACGGGCGAGATCACCAAGCGCTGGCCAAGGCGGTCCAGGTCCACCAGGACACACTGCGCACCATGTACTTTGCTTGACCTGTTGTATTGTTTAGCGATTGTGTACCAAGTTGG
|

I
ACGTCGCGACTTCCTTCGGTATGGAGACCCGTCTCGTTGCCCGCTCTAGTGGTTCGCGACCGGTTCCGCCAGGTCCAGGTGGTCCTGTGTGACGCGTGGTACATGAAACGAACTGGACAACATAACAAATCGCTAACACATGGTTCAACC

L4, 830 . . , 835 . . . 840 . . ,_ 845 . . , 850 . . . 855 . . . 860
A E G S H T S G Q S N G R D H Q A L A K A V Q V H Q D T L R T M Y F A @@

Ago2-201

ATTCACACGAGACCAGCTACACTCAGACCAACAGATGCCCAGCCCTTCTGTGACAGCCAGCATCGAACATGAGACGTCTTTGGTTTTATTAGATCCTCCGTTTTCCAGAATGCCTTCCGTCCCAGATGTCAGACTTGGATTTTGAGCTGC

TAAGTGTGCTCTGGTCGATGTGAGTCTGGTTGTCTACGGGTCGGGAAGACACTGTCGGTCGTAGCTTGTACTCTGCAGAAACCAAAATAATCTAGGAGGCAAAAGGTCTTACGGAAGGCAGGGTCTACAGTCTGAACCTAAAACTCGACG

AGGCCTGTATGAGACCCCAGTGTAGGAAACATGGTTTGCCAAACCTATAAGCTGCTCACTGAGAGTCCCGTTTCCTAAAAACAAAACAACAACAAAATGTCCTAAAACCAGTCTATGAACTCTCAGGGCTTTAAAACACTTTAATTTATT

t T t T t T } T t T t T t T t T } T t T t T t T t T } T t T
TCCGGACATACTCTGGGGTCACATCCTTTGTACCAAACGGTTTGGATATTCGACGAGTGACTCTCAGGGCAAAGGATTTTTGTTTTGTTGTTGTTTTACAGGATTTTGGTCAGATACTTGAGAGTCCCGAAATTTTGTGAAATTAAATAA

TGGTCATCCAATTTACTTGTTTTTAACACCTGATTCTCACTGAAACCGATGGGCTCCATCTAGCTGTGAAGGCTCTGAGCATGAAAGCCACACCATTTCCATTGGGGTTTTAAAGCCTGGCCCTAAGAAGTTGTCACTAATGTTGAGTTC
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ll 1 Ll 1 Ll 1 ! 1 Ll 1 Ll 1 Ll 1 Ll 1 ! 1 Ll 1 Ll 1 Ll 1 Ll 1 ! 1 Ll 1

ACCAGTAGGTTAAATGAACAAAAATTGTGGACTAAGAGTGACTTTGGCTACCCGAGGTAGATCGACACTTCCGAGACTCGTACTTTCGGTGTGGTAAAGGTAACCCCAAAATTTCGGACCGGGATTCTTCAACAGTGATTACAACTCAAG

TAAGGGATGCCATGCGCCCTGCAGCCCCAGGGCGTATGGCTGCTAGGTCTCCACAGTGTCTCTCGAGGTCACTGCCTGCCCTCGAGGCCTGAACAAAGGCACAGTGGCCAAGGAGATGGTCACGTGTGTTTACGGCAGTGACAAGTCCGA

ATTCCCTACGGTACGCGGGACGTCGGGGTCCCGCATACCGACGATCCAGAGGTGTCACAGAGAGCTCCAGTGACGGACGGGAGCTCCGGACTTGTTTCCGTGTCACCGGTTCCTCTACCAGTGCACACAAATGCCGTCACTGTTCAGGCT

GAGATTGGCAGACAAGTGCCATTTTGATAAAAATTTATTTAAAAAGAGAAAAAAAGACAATATACTGACAGTCTAATCATAAGATTTGTCCTGTAGGACTGTGACATTTATTTTCCAAAGTTTCTAAAGAATACGGGTCTGTGGTGATAA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

CTCTAACCGTCTGTTCACGGTAAAACTATTTTTAAATAAATTTTTCTCTTTTTTTCTGTTATATGACTGTCAGATTAGTATTCTAAACAGGACATCCTGACACTGTAAATAAAAGGTTTCAAAGATTTCTTATGCCCAGACACCACTATT

ATACAGTACAATCCTTTTTCACTGTTAATGTCTTTAATGTAAGAGAAGAATATATGTATCTGGTTTGCAGTATTAATGTGGTAGGTAGATGCTGTTTCCCTTTCGTTGACGAGGGGCGCTTCTTGTGACCTGCTTCACATATCAGGAGCT
1 1 1 ] 1 ] 1 ] 1 ] 1 1 1 ] 1 ] 1 ] 1 ] 1 1 1 ] 1 1 1 ] 1 |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

TATGTCATGTTAGGAAAAAGTGACAATTACAGAAATTACATTCTCTTCTTATATACATAGACCAAACGTCATAATTACACCATCCATCTACGACAAAGGGAAAGCAACTGCTCCCCGCGAAGAACACTGGACGAAGTGTATAGTCCTCGA

L sRv2
PAM
A

cut sgRNA2




Genotyping PCRs
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Ago2 KO genotyping strategy

Shown on WT genomic DNA

Piece to be deleted (40,483bp)

(STOP Ago2) (cut sgRNA2)
20,000 40,000 60,000 —
e L PP L PP LT EEPEPPETEEPEPEETEEPEY (SEEEPEETEEE CEEETEERE CEEICE UF 0) [ R TRV EEY BRI CERE |
Ago2-201
l

WT genotyping PCR

Ago2 genotyping overview

WT cells: WT PCR works / KO PCR doesn’t work and sgRNA1 has not caused a frame shift
Heterozygous KO cells: WT PCR works and sgRNA1 has not caused a frameshift / KO PCR works OR
Heterozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift and KO PCR doesn’t work
Homozygous KO cells: WT PCR doesn’t work / KO PCR works OR

Homozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift and KO PCR works OR

Homozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift on both alleles and KO PCR doesn’t work



Ago2 WT genotyping PCR (634bp)

WT GT up
[CCTTGTTGGCCCCTGGTAGG

CCTTGTTGGCCCCTGGTAGGTAGGGGTCCCTGTGATGAGGTGGAGCTGCACAGGGATGCCATGAGGTGGTAAGAAGGTATGAACAGAGGGGAAACGGAGGTGGTGGAGCCCATGGAGAGGCTTGGGCCTCGGGATCCAAAGGGCGTGGGA
| L 1 L 1 ! 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 ! 1 L 1 L 1 ! 1 L 1
I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

GGAACAACCGGGGACCATCCATCCCCAGGGACACTACTCCACCTCGACGTGTCCCTACGGTACTCCACCATTCTTCCATACTTGTCTCCCCTTTGCCTCCACCACCTCGGGTACCTCTCCGAACCCGGAGCCCTAGGTTTCCCGCACCCT

AGGTTAGGGTGCACCATGACTCTCAGGAGCAAGTCTGAGCTTGCACGCCCTGATGCCTGCTGTCTCCCTACTGTTTTCCAGTTCTTGCTTCTCCTGCTCCGACAACATCACCCATCCCAGGATATGCCTTCAAACCTCCACCTCGGCCGG
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T 1 T 1 1 1 LI 1

TCCAATCCCACGTGGTACTGAGAGTCCTCGTTCAGACTCGAACGTGCGGGACTACGGACGACAGAGGGATGACAAAAGGTCAAGAACGAAGAGGACGAGGCTGTTGTAGTGGGTAGGGTCCTATACGGAAGTTTGGAGGTGGAGCCGGCC

I 10 1 1 1 I 15 I I I I 20 1 1 I I 25 I I I 1 30
L A S P A P T T S P I P G Y A F K P P P R P

A

cut sgRNA1

ACTTCGGCACCACCGGGAGAACAATCAAACTACAGGCCAATTTCTTTGAAATGGACATCCCCAAAATTGACATCTATCACTATGAATTGGACATCAAACCTGAGAAATGCCCTCGGAGAGTGAACAGGTATCTTCTGACCCTGTCCCAGG

TGAAGCCGTGGTGGCCCTCTTGTTAGTTTGATGTCCGGTTAAAGAAACTTTACCTGTAGGGGTTTTAACTGTAGATAGTGATACTTAACCTGTAGTTTGGACTCTTTACGGGAGCCTCTCACTTGTCCATAGAAGACTGGGACAGGGTCC

1 1 1 1 35 1 1 1 1 40 1 1 1 1 45 1 1 1 1 50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1

D F G T T G R T I K L Q A N F F E M D 1 P K 1 D 1 Y H Y E L D 1 K P E K C P R R V N R Y L L T L s Q
Ago2-201 s e (in frame with Ago2-201) ----»

AAGTTGTTAGGATGTATTTTTTCATTGGTTTTGGCATTGAGATGTAATTTGAGTATAGTAGAACCCCAACTTTGTAAATGTCCTGCCCCAGAGTTTTAGTAGGTGTGTGTATCCATCACTTCTGAGTTAGCCTGACCATAAGTCACATAG
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

t T t T } T t T t T t T t T t T t T t T } T t T t T } T t T
TTCAACAATCCTACATAAAAAAGTAACCAAAACCGTAACTCTACATTAAACTCATATCATCTTGGGGTTGAAACATTTACAGGACGGGGTCTCAAAATCATCCACACACATAGGTAGTGAAGACTCAATCGGACTGGTATTCAGTGTATC
E \" v R M Y F F I G F G I E M a

———————————————————————— (in frame with Ago2-201) ----------------------»
TTCCACCTTTTGTCCGCTTTTACTATGTCCTGCC 3’

! ! ! ! : ! | 634
AAGGTGGAAAACAGGCGAAAATGATACAGGACGG 5’

CAGGCGAAAATGATACAGGACGH
WT GT down



Ago2 KO genotyping PCR (around 712bp)

WT band for this PCR would be 41Kb, this PCR will not work

KO GT up
|[GGEGTCCCTGTGATGAGGTGG

GGGTCCCTGTGATGAGGTGGAGCTGCACAGGGATGCCATGAGGTGGTAAGAAGGTATGAACAGAGGGGAAACGGAGGTGGTGGAGCCCATGGAGAGGCTTGGGCCTCGGGATCCAAAGGGCGTGGGAAGGTTAGGGTGCACCATGACTCT
| 1

CCCAGGGACACTACTCCACCTCGACGTGTCCCTACGGTACTCCACCATTCTTCCATACTTGTCTCCCCTTTGCCTCCACCACCTCGGGTACCTCTCCGAACCCGGAGCCCTAGGTTTCCCGCACCCTTCCAATCCCACGTGGTACTGAGA

CAGGAGCAAGTCTGAGCTTGCACGCCCTGATGCCTGCTGTCTCCCTACTGTTTTCCAGTTCTTGCTTCTCCTGCTCCGACAACATCACCCATCCCAGGATATGCCTTCAAACCTCCACCTCGGGTTGACGAGGGGCGCTTCTTGTGACCT

GTCCTCGTTCAGACTCGAACGTGCGGGACTACGGACGACAGAGGGATGACAAAAGGTCAAGAACGAAGAGGACGAGGCTGTTGTAGTGGGTAGGGTCCTATACGGAAGTTTGGAGGTGGAGCCCAACTGCTCCCCGCGAAGAACACTGGA
1 10 1 L L 25 L

L 15 L L 1 1 20 1 L

L A S [ A P T T S P 1 P G Y A F K P P P R Vv D E G R F L [x |
Ago2-200. e (in frame with Ago2-201) ----»

fusion between sgRNA1 and sgRNA2 cutting

GCTTCACATATCAGGAGCTGTGTGGAGCCTGGAGACAGTCCACCTCTTGTGGCTTTTAGTGCTTAAGTAGAGGAATATGCAACTGGCTTCATGTACCAGCGATGCCCCCTCCTCCCTCCCCACCCCCAGTGTGGACTGTGTAGCCTGTAC

CGAAGTGTATAGTCCTCGACACACCTCGGACCTCTGTCAGGTGGAGAACACCGAAAATCACGAATTCATCTCCTTATACGTTGACCGAAGTACATGGTCGCTACGGGGGAGGAGGGAGGGGTGGGGGTCACACCTGACACATCGGACATG

CTCTGGAAGGACAGTGCGCTTGCCAGTAACCTGCCGTCCTCCCTGCCTCGTCCATGTGTGTCGCTCAGCCGATGAAGCACAAATGGAATTTATTTATTCTTCCATTGCTGGGAAACAAGTTCACGTAAGAGTGCACTTCTCTCAGTGTGC

GAGACCTTCCTGTCACGCGAACGGTCATTGGACGGCAGGAGGGACGGAGCAGGTACACACAGCGAGTCGGCTACTTCGTGTTTACCTTAAATAAATAAGAAGGTAACGACCCTTTGTTCAAGTGCATTCTCACGTGAAGAGAGTCACACG

AGTTATGGAAGGTGGGTTTCATAGGATCTATGCACTGAAGTGGAGAGAGAGCTGCCCATAGCGGCTCTGCCAGCATGGGACTGGCAGGTAGGAATGGACTGTGCCCGAGGAC 3’
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
712

Ll 1 Ll 1 ! 1 Ll 1 Ll 1 Ll 1 Ll 1 Ll 1 Ll 1 Ll 1 ! 1 1
TCAATACCTTCCACCCAAAGTATCCTAGATACGTGACTTCACCTCTCTCTCGACGGGTATCGCCGAGACGGTCGTACCCTGACCGTCCATCCTTACCTGACACGGGCTCCTG 5’

TTACCTGACACGGGCTCCTG]
KO GT down
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Ago2 KO project summary

Species Mouse

Gene modified Argonaute-2 (Ago2)

Modification Knock-out

Cell line RAW264.7 mouse cells

Medium DMEM + 10% FBS + 1% P/S

Transfection Cas9-GFP (protein) + 2x sgRNAs (synthetic) using Lipofectamine CRISPRMAX

Selection FACS sorting for GFP-high cells and single cell deposition

Genotyping A total of 676 clones were genotyped from 2 transfections. 1 clone was found to be homozygous KO
sgRNA1 product was sequenced for homozygous clone 82.

Sequencing
Clone 82 has a 37bp deletion in the sgRNA1 site on one allele. On the second allele there is a 1bp insertion in the sgRNA1 site.
Clone 82 was subcloned by single cell deposition; subclones were genotyped and sequenced.

Subcloning

3 subclones were expanded for handover.
Mycoplasma testing Absence of mycoplasma is shown by two PCR-based detection protocols

Frozen vials Homozygous KO subclones 82-2, 82-3 and 82-5; 2 vials each



Ago2 KO Transfection

Lipofectamine CRISPRMAX transfection

Solution | 37.5ug Cas9-GFP protein
3.6ug sgRNA1
3.6ug sgRNA2
75ul Plus reagent
750ul OPTI-MEM

Solution Il 45ul Lipofectamine CRISPRMAX
750ul OPTI-MEM

Combined Solution | and Solution Il are incubated at RT for 10min, then added to a 10cm plate with ~70% confluent cells

2 days after transfections the cells are FACS sorted for GFP-high cells into 12x 96-well plates (single cell deposition)

Bulk cells are collected for gDNA extraction and PCR.



Ago2 KO - screening of individual clones

Individual clones screened (1st transfection) 257
Homozygous KO 0
Individual clones screened (2n9 transfection) 419
Homozygous KO 1

Homozygous clone 82 was subcloned to ensure that there was no WT contamination



Genotyping of the KO subclones

Ago2 KO (RAW264.7 cells)




1500bp
1200bp

1000bp
900bp
800bp
700bp

600bp
500bp

400bp
300bp

Genotyping of subclones — WT PCR (634bp)

All subclones are derived from clone 82

TC59 WT GT up

TC59 WT GT down

Reagents

AccuStartll Geltrack PCR Supermix (Quantabio)
TC59 WT GT up (10pM)

TC59 WT GT down (10uM)

Template

Water

PCR PRIMERS
20 CCTTGTTGGCCCCTGGTAGG
23 GGCAGGACATAGTAAAAGCGGAC

15.0 ul
1.0 pl
1.0 pl
4.0 pl
9.0 ul

30.0 ul

Denature
Denature
Anneal

Extension

Extension

94°C
94°C
66°C

72°C

72°C

Cycling conditions
2 min
20 sec
30 sec

60 sec

5 min

Lane 1 Marker

Lane2 WT

Lane 3 Subclone 82-2
Lane 4 Subclone 82-3
Lane 5 Subclone 83-5
Lane 6 Negative control

35 cycles



1500bp
1200bp

1000bp
900bp
800bp
700bp
600bp

500bp
400bp

300bp

Genotyping of subclones — KO PCR (around 712bp)

All subclones are derived from clone 82

TC59 KO GT up

TC59 KO GT down

Reagents

AccuStartll Geltrack PCR Supermix (Quantabio)
TC59 KO GT up (10uM)

TC59 KO GT down (10uM)

Template

Water

Total

PCR PRIMERS
20 GGGTCCCTGTGATGAGGTGG
20 GTCCTCGGGCACAGTCCATT
Cycling conditions
15.0 pl Denature  94°C 2 min
1.0 pl
1.0ul Denature  94°C 20 sec
4.0 ul Anneal 64°C 30 sec
9.0 ul Extension 72°C 60 sec
30.0 ul Extension 72°C 5 min
Lane 1 Marker
Lane 2 WT

Lane 3 Subclone 82-2
Lane 4 Subclone 82-3
Lane 5 Subclone 83-5

Lane 6

Negative control

35 cycles



Sequencing of subclones

Ago2 KO (RAW264.7 cells)

>4 MGMP

Monash Genome
| Modification Platform




Subclones 82-2, 82-3 and 82-5 - allele 1

WT GT up
CCTTGTTGGCCCCTGGTAGG

CCTTGTTGGCCCCTGGTAGGTAGGGGTCCCTGTGATGAGGTGGAGCTGCACAGGGATGCCATGAGGTGGTAAGAAGGTATGAACAGAGGGGAAACGGAGGTGGTGGAGCCCATGGAGAGG
| I P MM B PP B PP B B B BRI PP B S PR M PP S PP S B TP ISP SRR |
I T T T T T T T T T T T T T T T T T T T T T T T T

GGAACAACCGGGGACCATCCATCCCCAGGGACACTACTCCACCTCGACGTGTCCCTACGGTACTCCACCATTCTTCCATACTTGTCTCCCCTTTGCCTCCACCACCTCGGGTACCTCTCC

CTTGGGCCTCGGGATCCAAAGGGCGTGGGAAGGTTAGGGTGCACCATGACTCTCAGGAGCAAGTCTGAGCTTGCACGCCCTGATGCCTGCTGTCTCCCTACTGTTTTCCAGTTCTTGCTT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

GAACCCGGAGCCCTAGGTTTCCCGCACCCTTCCAATCCCACGTGGTACTGAGAGTCCTCGTTCAGACTCGAACGTGCGGGACTACGGACGACAGAGGGATGACAAAAGGTCAAGAACGAA

10
L A

| Ago2-201 g

CTCCTGCTCCGACAACATCACCCATCCCAGGATATGCCTTCAAACCTCCACCTCGCCGGCCAATTTCTTTGAAATGGACATCCCCAAAATTGACATCTATCACTATGAATTGGACATCAA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

GAGGACGAGGCTGTTGTAGTGGGTAGGGTCCTATACGGAAGTTTGGAGGTGGAGCGGCCGGTTAAAGAAACTTTACCTGTAGGGGTTTTAACTGTAGATAGTGATACTTAACCTGTAGTT

1 | 1 1 15 1 1 1 1 20 1 1 1 1 25 1 1 1 1 30 1 1 1 1 35 1 1 1 1 40 1 1 1 1 45 1 1 | 1 50
s p A P T T S P 1 P G Y A F K P P P R R P I S L K W T S P K L T S I T M N W T S
Ago2-201 >

KO (-41bp/+4bp)

ACCTGAGAAATGCCCTCGGAGAGTGAACAGGTATCTTCTGACCCTGTCCCAGGAAGTTGTTAGGATGTATTTTTTCATTGGTTTTGGCATTGAGATGTAATTTGAGTATAGTAGAACCCC

T T T T T T T T T T T T T T T T T T T T T T T T
TGGACTCTTTACGGGAGCCTCTCACTTGTCCATAGAAGACTGGGACAGGGTCCTTCAACAATCCTACATAAAAAAGTAACCAAAACCGTAACTCTACATTAAACTCATATCATCTTGGGG

1 1 1 1 55 1 1 1 1
N L R N A L G E |

Ago2-201 :

AACTTTGTAAATGTCCTGCCCCAGAGTTTTAGTAGGTGTGTGTATCCATCACTTCTGAGTTAGCCTGACCATAAGTCACATAGTTCCACCTTTTGTCCGCTTTTACTATGTCCTGCC

TTGAAACATTTACAGGACGGGGTCTCAAAATCATCCACACACATAGGTAGTGAAGACTCAATCGGACTGGTATTCAGTGTATCAAGGTGGAAAACAGGCGAAAATGATACAGGACGG
EsngGAAAATGATACAGGACGH

WT GT down
Sequencing profile can be provided on request



Subclones 82-2, 82-3 and 82-5 - allele 2

WT GT up
[CCTTGTTGGCCCCTGGTAGG

CCTTGTTGGCCCCTGGTAGGTAGGGGTCCCTGTGATGAGGTGGAGCTGCACAGGGATGCCATGAGGTGGTAAGAAGGTATGAACAGAGGGGAAACGGAGGTGGTGGAGCCCATGGAGAGGCTTGGGCCTC
| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
I T T T T T T T T T T T T T T T T T T T T T T T T T T

GGAACAACCGGGGACCATCCATCCCCAGGGACACTACTCCACCTCGACGTGTCCCTACGGTACTCCACCATTCTTCCATACTTGTCTCCCCTTTGCCTCCACCACCTCGGGTACCTCTCCGAACCCGGAG

GGGATCCAAAGGGCGTGGGAAGGTTAGGGTGCACCATGACTCTCAGGAGCAAGTCTGAGCTTGCACGCCCTGATGCCTGCTGTCTCCCTACTGTTTTCCAGTTCTTGCTTCTCCTGCTCCGACAACATCA

CCCTAGGTTTCCCGCACCCTTCCAATCCCACGTGGTACTGAGAGTCCTCGTTCAGACTCGAACGTGCGGGACTACGGACGACAGAGGGATGACAAAAGGTCAAGAACGAAGAGGACGAGGCTGTTGTAGT

1 10 1 1 1 1 15 1 1
L A S P A P T T S
Ago2-201 >

CCCATCCCAGGATATGCCTTCAAACCTCCACCTCGGCCCGGACTTCGGCACCACCGGGAGAACAATCAAACTACAGGCCAATTTCTTTGAAATGGACATCCCCAAAATTGACATCTATCACTATGAATTG

GGGTAGGGTCCTATACGGAAGTTTGGAGGTGGAGCCGGGCCTGAAGCCGTGGTGGCCCTCTTGTTAGTTTGATGTCCGGTTAAAGAAACTTTACCTGTAGGGGTTTTAACTGTAGATAGTGATACTTAAC

. .20 . . .25 . . .30 . . L 35 . . .40 . . L 45 .
P I P G Y A F K P P P R P G L R H H R E N N Q T T G Q F L B
Ago2-201 >

1bp insertion (KO)

GACATCAAACCTGAGAAATGCCCTCGGAGAGTGAACAGGTATCTTCTGACCCTGTCCCAGGAAGTTGTTAGGATGTATTTTTTCATTGGTTTTGGCATTGAGATGTAATTTGAGTATAGTAGAACCCCAA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T

CTGTAGTTTGGACTCTTTACGGGAGCCTCTCACTTGTCCATAGAAGACTGGGACAGGGTCCTTCAACAATCCTACATAAAAAAGTAACCAAAACCGTAACTCTACATTAAACTCATATCATCTTGGGGTT

Ago2-201

CTTTGTAAATGTCCTGCCCCAGAGTTTTAGTAGGTGTGTGTATCCATCACTTCTGAGTTAGCCTGACCATAAGTCACATAGTTCCACCTTTTGTCCGCTTTTACTATGTCCTGCC

GAAACATTTACAGGACGGGGTCTCAAAATCATCCACACACATAGGTAGTGAAGACTCAATCGGACTGGTATTCAGTGTATCAAGGTGGAAAACAGGCGAAAATGATACAGGACGG

CAGGCGAAAATGATACAGGACGH
WT GT down

Sequencing profile can be provided on request
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Subclone 82-2
homozygous KO

Subclone 82-3
homozygous KO

Subclone 82-5
homozygous KO

WT PCR

597bp

597bp

597bp

Ago2 KO subclones for handover

Allele 1

Mutation at sgRNAL1 site

37bp deletion
(-41bp/+4bp)

37bp deletion
(-41bp/+4bp)

37bp deletion
(-41bp/+4bp)

WT PCR

635bp

635bp

635bp

Allele 2 Handover
Mutation at sgRNAL1 site Frozen vials
1bp insertion 2
1bp insertion 2
1bp insertion 2



Mycoplasma screening

82-2 82-3 82-5 +vel +ve?2 -ve

1500bp

700bp
600bp

500bp
400bp
300bp
200bp

100bp

Protocol | (219~426bp)

1500bp
1200bp
1000bp
900bp
800bp

700bp
600bp
500bp

400bp
300bp

200bp
100bp

Protocol Il (165~353bp)

Protocol | and Il are two independent PCR-based methods for detecting Mycoplasma/Acholeplasma species. +vel and +ve2 are two
Mycoplasma positive samples, giving the expected products at 219-426bp (protocol 1) and 165-355bp (protocol Il).

None of the clones give a positive band, indicating they are mycoplasma-free.
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MATERIALS:

* DMEM (ThermoFisher, #10569044)

* Cas9-GFP (IDT Alt-R®S.p., #10008161)

* sgRNAs (IDT Alt-R® CRISPR-Cas9 sgRNA)

* Lipofectamine CRISPRMAX (ThermoFisher, #(MAX00015)

As per the Terms and Conditions of Phenomics Australia CRISPR Services, clause 16 (shown below), please include the relevant acknowledgement
statement(s) in all publications.

In receiving the Material, you agree to include the following acknowledgement in any publication, presentation or press release concerning the
Material: “The [insert-e.g. mutant animals (including rats, mice and rabbits)] were produced via CRISPR genome editing by the Monash Genome
Modification Platform (MGMP), Monash University as a node of Phenomics Australia. Phenomics Australia is supported by the Australian
Government Department of Education through the National Collaborative Research Infrastructure Strategy, the Super Science Initiative and the
Collaborative Research Infrastructure Scheme”.
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Dicerl mouse gene

This gene has multiple transcripts, we will be working with transcript 201

Gene: Dicer1 ensmusG00000041415

Description dicer 1, ribonuclease type Ill [Source:MGI Symbol;Acc:MG1:2177178 &]
Gene Synonyms 1110006F08Rik, D12Ertd7e, Dicer1
Location Chromosome 12: 104,654,001-104,718,211 reverse strand.
GRCm39:CM001005.3
About this gene This gene has 9 transcripts (splice variants), 205 orthologues and is associated with 48 phenotypes.

Transcripts Hide transcript table
Tl
Showrhide columns (1 hidden) Fiter |

Transcript ID Name bp | Protein  Biotype CCDS  UniProt Match Flags
ENSMUST00000222528.2 Dicer1-206 4724 No protein | Protein coding CDS not defined - TSL:1
ENSMUST00020183813.1 Dicer1-209 691 No protein | Protein coding CDS not defined - -
ENSMUST00000222519.2 Dicer1-205 647  No protein | Protein coding CDS not defined . TSL3
ENSMUST00020183808.1 Dicer1-207 626 No protein | Protein coding CDS not defined - -
ENSMUST00000041987.8 Dicer1-201 9851 = 1916aa | Protein coding LoF F8VQ54 & Ensembl Canonical GENCODE basic APPRIS P2 TSL:1
ENSMUST00000222002.3 Dicer1-203 1460  421aa | Protein coding LoF AOA1Y7VJD6 APPRIS ALT2 TSL:1 CDS 3 incomplete
ENSMUST00020183809.1 Dicer1-208 | 446 57aa I Protein coding LoF AOA8I4YZW9 &} APPRIS ALT2 CDS 3' incomplete
ENSMUST00000221293.2 Dicer1-202 6904 ' No protein | Retained intron - TSL:1

ENSMUST00000222115.2 | Dicer1-204 2543 No protein || Retained intron - TSL:A




Dicerl transcripts
Piece of DNA that will be deleted if both sgRNA guides cut at the same time is shown in the red box

' 84.21 kb Forward strand _pe
104.65Mb 104.66Mb 104.67Mb 104.68Mb 104.69Mb 104.70Mb 104.71Mb 1E£!)4.72Mb
Genes (Comprehensive - )
set from GENCODE M33) e e
Contigs
Genes (Comprehensive — 1. 4+ . 4+ 8N4 b i — — — — {
set from GENCODE M33) < Dicef1-201 - ENSMUST00000041987
proteirjcoding LoF
< Dicerl-203 - ENSMU¥T00000222002
protein coding LoF
— 1 —
- Dicerl-208 - ENSMUST00020183809
brotein coding LoF
Regulatory Build. =1
i1 B l 0
]
104.65Mb 104.66Mb 104.67Mb 104.68Mb 104.65Mb 104.70Mb 104.71Mb 104.72Mb
- Reverse strand 84.21 kb ;
Gene Legend
Protein Coding Non-Protein Coding
I merged Ensembl/Havana B RNA gene
B Ensembl protein coding
Regulation Legend
Bl cTcF enhancer open chromatin

B oromoter I promoter flank



sgRNAs for Dicerl KO

Dicerl sgRNA1: GAGGTCGCCCCTGATCTGAT

This guide cuts in the second coding exon of Dicerl (transcript 201).
If ssRNA2A does not cut, a frameshift may still be created, resulting in a KO allele.

Dicerl sgRNA2A:  ATTCCGTGCAATAGTACCCG

This guide cuts 518bp downstream of the Dicerl stop codon (transcript 201).
Simultaneous cutting of sgRNA1 and sgRNA2A would remove the majority of the Dicerl gene.



sgRNA1 for Dicerl shown on genomic DNA

TTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCTCACCAAAGAGCTGGCCCATCAGATCAGGGGCGACCTCA
| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

AAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGAGTGGTTTCTCGACCGGGTAGTCTAGTCCCCGCTGGAGT

1 50 1 1 1 1 55 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1 1 75 1 1 1 1 80 1 1 1 1 85 1 1 1 1
1 V C L N T G S G K T F I A V L L T K E L A H Q I R G D L

v E L L E A A L D H N T
Dicerl (ENSMUSE00000345467) >

] sgRNA1
PAM
cut sgRNA1
ACCCGCATGCAAAAAGGACCGTGTTCCTCGTCAACTCTGGTAATCAAACATC 3’
} } } } } } } } } - 182
TGGGCGTACGTTTTTCCTGGCACAAGGAGCAGTTGAGACCATTAGTTTGTAG 5’
90 1 1 1 1 95 1 1 1 1 100 1

1
N P H A K R T \4 F L \ N S G N Q T

Dicerl (ENSMUSE00000345467) = _ZEEEEEEEEEEEEETEEEEE >



sgRNA2A for Dicerl shown on genomic DNA

TTTTGCAGCCCAGCGGAGAGAACTTATGATGGAAAGGTCAGAGTCACCGTGGAAGTGGTGGGAAAGGGGAAATTTAAAGGTGTTGGCCGGAGCTACAGGATCGCCAAGTCTGCTGCAGCACGAAGGGCCC

AAAACGTCGGGTCGCCTCTCTTGAATACTACCTTTCCAGTCTCAGTGGCACCTTCACCACCCTTTCCCCTTTAAATTTCCACAACCGGCCTCGATGTCCTAGCGGTTCAGACGACGTCGTGCTTCCCGGG

ENSMUSE00000395197 :>

TCCGCAGCCTCAAAGCTAACCAGCCTCAGGTTCCTAACAGCTGAAGCTTCCGGACTCACAGGCGGCAAGACAGCGGACCAGAACCACAGCTCCACGGCACAAGGATGGTTCGGGCTGACACAGAACAGGA
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T

AGGCGTCGGAGTTTCGATTGGTCGGAGTCCAAGGATTGTCGACTTCGAAGGCCTGAGTGTCCGCCGTTCTGTCGCCTGGTCTTGGTGTCGAGGTGCCGTGTTCCTACCAAGCCCGACTGTGTCTTGTCCT

ENSMUSE00000395197

STOP CODON

AAACTGAAGGCAGAATTTAAAGTTTGATAATGAGATAGATAACAGAATAAAACATGTAATATGTGTATAAACTCTTTGGAACTAATTTTGGTTTAGTTTTTGCGCAGACACAATCTTGTCTTCTTTACCC

=ttt e

TTTGACTTCCGTCTTAAATTTCAAACTATTACTCTATCTATTGTCTTATTTTGTACATTATACACATATTTGAGAAACCTTGATTAAAACCAAATCAAAAACGCGTCTGTGTTAGAACAGAAGAAATGGG

ACCCTGCTTTGCTTAGTCACAGGAGTGCTTTAATCCTGGTGTTTGTTAGCAAGGTTTTAAAATCATTTTGACAGGTTTTTGGTTTTGTTTGTTTTGACATTTAATTTCTGTCGACTTTGCTTGGTGTTAG

=ttt e

TGGGACGAAACGAATCAGTGTCCTCACGAAATTAGGACCACAAACAATCGTTCCAAAATTTTAGTAAAACTGTCCAAAAACCAAAACAAACAAAACTGTAAATTAAAGACAGCTGAAACGAACCACAATC

AGGCCATGGAGCTTAACCTCTAACAGTCCCTAGAACTGGGTCGTCCTGACCTTGCGGTCCCTTACACTATACCTGTCCTGCTGCGGTGTCAAGCCCAACAAAAAGGGCAGAGTGTGCAAAGGAAGCCCCC

=ttt e

TCCGGTACCTCGAATTGGAGATTGTCAGGGATCTTGACCCAGCAGGACTGGAACGCCAGGGAATGTGATATGGACAGGACGACGCCACAGTTCGGGTTGTTTTTCCCGTCTCACACGTTTCCTTCGGGGG

GTGCTGTGGAGGGCAGTGGAGGCGGGGCCGGGCGGACCCCGGGTACTATTGCACGGAATAGTAAGGGACAGATTTTGAGTCCGTGTTGGCT 3’
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [l |
T T T T T T T T T T T T T T T T T 1 741
CACGACACCTCCCGTCACCTCCGCCCCGGCCCGCCTGGGGCCCATGATAACGTGCCTTATCATTCCCTGTCTAAAACTCAGGCACAACCGA 5’
] SgRNA2A
PAM

cut sgRNA2A
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Dicerl KO genotyping strategy

Shown on WT genomic DNA

Piece to be deleted (40,003bp)

(start transcript 201 (not ATG)) (cut sgRNA1) (STOP Dicerl) (cut sgRNA2)
10,000 20,000 30,000 40,000 50,000
first coding exon Dicerl second coding exon Dicerl last coding exon Dicerl

KO genotyping PCR (shown on WT DNA)

WT genotyping PCR

Dicerl genotyping overview

WT cells: WT PCR works / KO PCR doesn’t work and sgRNA1 has not caused a frame shift
Heterozygous KO cells: WT PCR works and sgRNA1 has not caused a frameshift / KO PCR works OR
Heterozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift and KO PCR doesn’t work
Homozygous KO cells: WT PCR doesn’t work / KO PCR works OR

Homozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift and KO PCR works OR

Homozygous KO cells: WT PCR works / sgRNA1 has caused a frameshift on both alleles and KO PCR doesn’t work



Dicerl WT genotyping PCR (563bp)

WT GT up
[EGGCAGCCATTTTACTCCCCTG

GGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGT

CCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCA

GTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T

CACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGA
1 50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1 1 75 1 1

V E L L E A A L D H N T 1 \4 C L N T G S G K T F I A \ L L

CACCAAAGAGCTGGCCCATCAGATCAGGGGCGACCTCAACCCGCATGCAAAAAGGACCGTGTTCCTCGTCAACTCTGGTAATCAAACATCATTTCCCACACGTGAGGAGAAAATTGGATGAGCCTTCATA

GTGGTTTCTCGACCGGGTAGTCTAGTCCCCGCTGGAGTTGGGCGTACGTTTTTCCTGGCACAAGGAGCAGTTGAGACCATTAGTTTGTAGTAAAGGGTGTGCACTCCTCTTTTAACCTACTCGGAAGTAT

L 80 L | | 85 | | | L 90 L |

1 L 95 L L
T K E L A

L 100 . !

Tl
o
>l
~

I R G D L N P H R T \' F L v N S G N Q T S F P T R E E K I G
picerr R (in frame with Dicerl) ----------------o--- >
PAM
cut sgRNA1

GTTAAAAAGATTATCTCTGTGGGTATTAAATTATTGATAGTAAAACGAGTTTGACAAATAGTGTGCTTACTGAAGTCCTGCTAGCCAAAATACCATTTTATTTCTCAGTAGAATTTCTCTCAATTGTTCA

CAATTTTTCTAATAGAGACACCCATAATTTAATAACTATCATTTTGCTCAAACTGTTTATCACACGAATGACTTCAGGACGATCGGTTTTATGGTAAAATAAAGAGTCATCTTAAAGAGAGTTAACAAGT

GACTCTGTGTTTCTCTTAGATGAGGACTTCTGGGGAGATGGCT 3’

CTGAGACACAAAGAGAATCTACTCCTGAAGACCCCTCTACCGA 5’

CCTGAAGACCCCTCTACCGM
WT GT down




Dicerl KO genotyping PCR (around 803bp)

WT band for this PCR would be over 40Kb, this PCR will not work

KO GT up
[FGTGTTCAGTCCTGAGCGGG

GGTGTTCAGTCCTGAGCGGGAGAAGCATACCTCGTGTAGGGTTCAGTCATTCGTGCCATTTTAGGGAAGTGGCCTGTGCAGAAATAATTATTAAATGACATTGCTGGTGCCATTTCAATGTTTGTTTCCAGCAGCACAGC
|

CCACAAGTCAGGACTCGCCCTCTTCGTATGGAGCACATCCCAAGTCAGTAAGCACGGTAAAATCCCTTCACCGGACACGTCTTTATTAATAATTTACTGTAACGACCACGGTAAAGTTACAAACAAAGGTCGTCGTGTCG

TGTGTGGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGTGTGGT

ACACACCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCACACCA

GCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCTCACCAAAGAGCTGGC

CGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGAGTGGTTTCTCGACCG
L 60 . . | 65 | | . 70 . I | 75 L | . . 80 .

1 50 I | 55 1 I

GGTAGCATGATAACGTGCCTTATCATTCCCTGTCTAAAACTCAGGCACAACCGACGACCACTCACCTCCGGTCCGAAAGTCTGCGGTGTAACACGACGTCTCTCCTAAGAACGGAATTTTCCTTCCTGAACTATCAAACG

H R T I A R N S K G Q 1 L S P C w L L v S G G Q A F R R H I Vv L Q R G F L P [ ]
B e (in frame With DICEIL) == - == o m o oo oo oo o oo e >
Dicer1

fusion between cutting sgRNA1 and sgRNA2A

TTTTTTATTTTGCCTTCCCCTTATTATGCATTGGATGAAATGGGGTGGCAGCTCACTAGGGCACTTGCAATGGAACTATTGCAGGTAGGATTTCTGTTGTTTGTACTGAAGACATTCTAAAACCCAGAGTGAGTATATAG
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T T T

AAAAAATAAAACGGAAGGGGAATAATACGTAACCTACTTTACCCCACCGTCGAGTGATCCCGTGAACGTTACCTTGATAACGTCCATCCTAAAGACAACAAACATGACTTCTGTAAGATTTTGGGTCTCACTCATATATC

ATTTTTAAAGCATCATTATAGACAGGATACATGACTAGATGCCCGGTTTTCCTCAGAACTTCCTGCCAGGTGGTCCCAGTGGCGGAAATGCCCGGTCAGCTGC 3’

: i : i : i : i : i : i : i : i : i : = 803

TAAAAATTTCGTAGTAATATCTGTCCTATGTACTGATCTACGGGCCAAAAGGAGTCTTGAAGGACGGTCCACCAGGGTCACCGCCTTTACGGGCCAGTCGACG 5’

CTTTACGGGCCAGTCGACG]|
KO GT down
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Dicerl KO project summary

Species Mouse
Gene modified Dicerl, Ribonuclease type Il
Modification Knock-out
Cell line RAW?264.7 mouse cells
Medium DMEM + 10% FBS + 1% P/S
Transfection Cas9-GFP (protein) + 2x sgRNAs (synthetic) using Lipofectamine CRISPRMAX
Selection FACS sorting for GFP-high cells and single cell deposition
A total of 218 clones were genotyped;
Genotyping
18 clones were potentially positive (positive for KO PCR or with WT PCR products at various sizes).
2 potential homozygous KO clones : Clones 166 and 173
Sequencing

3 potential heterozygous KO clones : Clones 18, 22 and 203

Clones 18, 22, 166, 173 and 203 were subcloned by single cell deposition to ensure they were not a mixture.
Subcloning and sequencing  Genotyping and sequencing identified 3 homozygous KO subclones (subclones 22-21, 166-1 and 173-1)

and 1 heterozygous KO subclone (subclone 203-1)

Mycoplasma testing Absence of mycoplasma is shown by two PCR-based detection protocols

Frozen vials Homozygous KO subclones 22-21, 166-1 and 173-1; heterozygous KO subclone 203-1; 2 vials each.



Dicerl KO Transfection

Lipofectamine CRISPRMAX transfection

Solution | 37.5ug Cas9-GFP protein
3.6ug sgRNA1
3.6ug sgRNA2A
75ul Plus reagent
750ul OPTI-MEM

Solution Il 45ul Lipofectamine CRISPRMAX
750ul OPTI-MEM

Combined Solution | and Solution Il are incubated at RT for 10min, then added to a 10cm plate with ~70% confluent cells

1 day after transfections the cells are FACS sorted for GFP-high cells into 12x 96-well plates (single cell deposition)

Bulk cells are collected for gDNA extraction and PCR



Dicerl KO - screening of individual clones

Individual clones screened 218
Potential homozygous KO 2
Potential heterozygous KO 3

All 5 clones were subcloned to ensure that there was no WT contamination



Subcloning of the KO clones

Dicerl KO (RAW264.7 cells)




Clone 18

Clone 22
(homozygous KO)

Clone 166
(homozygous KO)

Clone 173

(homozygous KO)

Clone 203
(heterozygous KO)

Dicerl KO - screening of subclones

subclones screened

42

44

positive subclones



Genotyping of the KO subclones

Dicerl KO (RAW264.7 cells)




Genotyping of subclones — WT PCR (563bp)

PCR PRIMERS
TC65 WT GT up 21 GGCAGCCATTTTACTCCCCTG
TC65 WT GT down 20 AGCCATCTCCCCAGAAGTCC
PCR REAGENTS CYCLING CONDITIONS
AccuStartll Geltrack PCR Supermix (Quantabio) 15.0 ul Denature  94°C 2 min
TC65 WT GT up (10uM) 1.0 pl
TC65 WT GT down (10uM) 1.0 ul Denature  94°C 20 sec
Template 4.0 pl Anneal 64°C 30 sec 35 cycles
Water 9.0 ul Extension  72°C 60 sec
Total 30.0 pl Extension 72°C 5 min

1500bp
1200bp
1000bp

500bp
400bp
300bp
200bp

100bp

Lane 1 Marker

Lane 2 Subclone 22-21
Lane 3 Subclone 166-1
Lane 4 Subclone 173-1
Lane 5 Subclone 203-1
Lane 6 Negative control
Lane 7 WT



Genotyping of subclones— KO PCR (around 803bp)

PCR PRIMERS
TC65 KO GT up 20 GGTGTTCAGTCCTGAGCGGG
TC65 KO GT down 19 GCAGCTGACCGGGCATTTC
PCR REAGENTS
AccuStartll Geltrack PCR Supermix (Quantabio) 15.0 ul Denature  98°C
TC65 KO GT up (101M) 1.0
Al | 62°C
TC65 KO GT down (10uM) 1.0 l nnea
Template 4.0 pl Extension  68°C
Water 9.0 ul
Total 30.0 IJ-I Extension 68°C

1500bp
1200bp
1000bp

500bp
400bp
300bp
200bp

100bp

CYCLING CONDITIONS

10 sec
15 sec 35 cycles

60 sec

5 min

Lane 1 Marker

Lane 2 Subclone 22-21
Lane 3 Subclone 166-1
Lane 4 Subclone 173-1
Lane 5 Subclone 203-1
Lane 6 Negative control
Lane 7 WT
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Subclone 22-21 - allele 1

KO PCR band 707bp

KO GT up
[EGGTGTTCAGTCCTGAGCGGG

GGTGTTCAGTCCTGAGCGGGAGAAGCATACCTCGTGTAGGGTTCAGTCATTCGTGCCATTTTAGGGAAGTGGCCTGTGCAGAAATAATTATTAAATGACATTGCTGGTGCCATTTCAATGTTTGTTTCCA

CCACAAGTCAGGACTCGCCCTCTTCGTATGGAGCACATCCCAAGTCAGTAAGCACGGTAAAATCCCTTCACCGGACACGTCTTTATTAATAATTTACTGTAACGACCACGGTAAAGTTACAAACAAAGGT

GCAGCACAGCTGTGTGGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCA

CGTCGTGTCGACACACCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGT

AGCCGATTCTTAAGTGTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTT
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T T T T T T T T

TCGGCTAAGAATTCACACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAA
: 50 : . . . 55 : \ \ . 60 . : : : 65 . . . : 70 \ \

v E L L E A A L D H N T I v C L N T G S G K T F
- S,

CATCGCGGTCCTGCTCACCAAAGAGCTGGCCCAGAGAGGATTCTTGCCTTAAAAGGAAGGACTTGATAGTTTGCTTTTTTATTTTGCCTTCCCCTTATTATGCATTGGATGAAATGGGGTGGCAGCTCAC

GTAGCGCCAGGACGAGTGGTTTCTCGACCGGGTCTCTCCTAAGAACGGAATTTTCCTTCCTGAACTATCAAACGAAAAAATAAAACGGAAGGGGAATAATACGTAACCTACTTTACCCCACCGTCGAGTG

. ., 75 . . ., 8 . .
I A \'i L L T K E L A Q R G F L P [* |
- - S - (in frame with Dicer1)  --»

A

delta 40098bp

TAGGGCACTTGCAATGGAACTATTGCAGGTAGGATTTCTGTTGTTTGTACTGAAGACATTCTAAAACCCAGAGTGAGTATATAGATTTTTAAAGCATCATTATAGACAGGATACATGACTAGATGCCCGG

ATCCCGTGAACGTTACCTTGATAACGTCCATCCTAAAGACAACAAACATGACTTCTGTAAGATTTTGGGTCTCACTCATATATCTAAAAATTTCGTAGTAATATCTGTCCTATGTACTGATCTACGGGCC

TTTTCCTCAGAACTTCCTGCCAGGTGGTCCCAGTGGCGGAAATGCCCGGTCAGCTGC 3’
1 1 1 1 1 1 1 1 1 1 1 |
T T T T T 1 T T T 1 L | 707

AAAAGGAGTCTTGAAGGACGGTCCACCAGGGTCACCGCCTTTACGGGCCAGTCGACG 5’

CTTTACGGGCCAGTCGACQ
KO GT down

Sequencing profile can be provided on request



Subclone 22-21 - allele 2

WT PCR band 564bp, the 1bp insertion results in nonsense amino acids 85-143 followed by premature stop codon.

WT GT up
[EGCAGCCATTTTACTCCCCTG

GGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGT

CCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCA

GTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCT

CACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGA
1 50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1 1 75 1 1

\" E L L E A A L D H N T I \"A C L N T G S G K T F I A \"A L L
I S

CACCAAAGAGCTGGCCCATCAAGATCAGGGGCGACCTCAACCCGCATGCAAAAAGGACCGTGTTCCTCGTCAACTCTGGTAATCAAACATCATTTCCCACACGTGAGGAGAAAATTGGATGAGCCTTCAT

GTGGTTTCTCGACCGGGTAGTITCTAGTCCCCGCTGGAGTTGGGCGTACGTTTTTCCTGGCACAAGGAGCAGTTGAGACCATTAGTTTGTAGTAAAGGGTGTGCACTCCTCTTTTAACCTACTCGGAAGTA

IISOIIIISSIIIIQOIIIIQSII Iloolll
T K E L A H Q D Q G R P Q P A C K K D R R Q L W @

<+
o

1bp insertion

AGTTAAAAAGATTATCTCTGTGGGTATTAAATTATTGATAGTAAAACGAGTTTGACAAATAGTGTGCTTACTGAAGTCCTGCTAGCCAAAATACCATTTTATTTCTCAGTAGAATTTCTCTCAATTGTTC

TCAATTTTTCTAATAGAGACACCCATAATTTAATAACTATCATTTTGCTCAAACTGTTTATCACACGAATGACTTCAGGACGATCGGTTTTATGGTAAAATAAAGAGTCATCTTAAAGAGAGTTAACAAG

AGACTCTGTGTTTCTCTTAGATGAGGACTTCTGGGGAGATGGCT 3’

TCTGAGACACAAAGAGAATCTACTCCTGAAGACCCCTCTACCGA 5’

CCTGAAGACCCCTCTACCGM
WT GT down

Sequencing profile can be provided on request



Subclone 166-1 — allele 1

KO PCR band 797bp

KO GT up
[FGTGTTCAGTCCTGAGCGGG

GGTGTTCAGTCCTGAGCGGGAGAAGCATACCTCGTGTAGGGTTCAGTCATTCGTGCCATTTTAGGGAAGTGGCCTGTGCAGAAATAATTATTAAATGACATTGCTGGTGCCATTTCAATGTTTGTTTCCAGCAGCACAGC
|

CCACAAGTCAGGACTCGCCCTCTTCGTATGGAGCACATCCCAAGTCAGTAAGCACGGTAAAATCCCTTCACCGGACACGTCTTTATTAATAATTTACTGTAACGACCACGGTAAAGTTACAAACAAAGGTCGTCGTGTCG

TGTGTGGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGTGTGGT

ACACACCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCACACCA

GCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCTCACCAAAGAGCTGGC

CGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGAGTGGTTTCTCGACCG

L 50 L L 1 L 55 1 L 1 1 60 1 1 | 1 65 | 1 | | 70 | | 1 | 75 1 | 1 1 80 1 |
\% E L L E A A L D H N T I \ C L N T G S G K T F 1 A \4 L L T K E L A

CCATCATGCACGGAATAGTAAGGGACAGATTTTGAGTCCGTGTTGGCTGCTGGTGAGTGGAGGCCAGGCTTTCAGACGCCACATTGTGCTGCAGAGAGGATTCTTGCCTTAAAAGGAAGGACTTGATAGTTTGCTTTTTT

GGTAGTACGTGCCTTATCATTCCCTGTCTAAAACTCAGGCACAACCGACGACCACTCACCTCCGGTCCGAAAGTCTGCGGTGTAACACGACGTCTCTCCTAAGAACGGAATTTTCCTTCCTGAACTATCAAACGAAAAAA

_ 1
H H A R N S K G Q 1 L S P € W L L VvV S GG G Q A F R R H I ¥V L Q R G F L P B
——————————————————————————————————————————————————————————————————————— (in FrAME With DICEF1) == - - o - oo oo oo o oo oo >

delta 40008bp

ATTTTGCCTTCCCCTTATTATGCATTGGATGAAATGGGGTGGCAGCTCACTAGGGCACTTGCAATGGAACTATTGCAGGTAGGATTTCTGTTGTTTGTACTGAAGACATTCTAAAACCCAGAGTGAGTATATAGATTTTT

TAAAACGGAAGGGGAATAATACGTAACCTACTTTACCCCACCGTCGAGTGATCCCGTGAACGTTACCTTGATAACGTCCATCCTAAAGACAACAAACATGACTTCTGTAAGATTTTGGGTCTCACTCATATATCTAAAAA

AAAGCATCATTATAGACAGGATACATGACTAGATGCCCGGTTTTCCTCAGAACTTCCTGCCAGGTGGTCCCAGTGGCGGAAATGCCCGGTCAGCTGC 3’

} } } } } } } ! } } } } ! } } } } } —] 797

TTTCGTAGTAATATCTGTCCTATGTACTGATCTACGGGCCAAAAGGAGTCTTGAAGGACGGTCCACCAGGGTCACCGCCTTTACGGGCCAGTCGACG 5’

CTTTACGGGCCAGTCGACQ
KO GT down

Sequencing profile can be provided on request



Subclone 173-1 —allele 1

KO PCR band 582bp

KO GT up
[GGTGTTCAGTCCTGAGCGGG

GGTGTTCAGTCCTGAGCGGGAGAAGCATACCTCGTGTAGGGTTCAGTCATTCGTGCCATTTTAGGGAAGTGGCCTGTGCAGAAATAATTATTAAATGACATTGCTGGTGCCATTTCAATG

CCACAAGTCAGGACTCGCCCTCTTCGTATGGAGCACATCCCAAGTCAGTAAGCACGGTAAAATCCCTTCACCGGACACGTCTTTATTAATAATTTACTGTAACGACCACGGTAAAGTTAC

TTTGTTTCCAGCAGCACAGCTGTGTGGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGG

AAACAAAGGTCGTCGTGTCGACACACCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCC

ACATTTCTCTATTTAAAGCAAGCCAATTCTTAAGTGTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTAAAAGGAAGGACTTGATAGTTTGCTTTTTTATTTTGCCTTCCCCT

TGTAAAGAGATAAATTTCGTTCGGTTAAGAATTCACACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAATTTTCCTTCCTGAACTATCAAACGAAAAAATAAAACGGAAGGGGA

A

reads an A in clone 173 (not a G) delta 40223bp

TATTATGCATTGGATGAAATGGGGTGGCAGCTCACTAGGGCACTTGCAATGGAACTATTGCAGGTAGGATTTCTGTTGTTTGTACTGAAGACATTCTAAAACCCAGAGTGAGTATATAGA

ATAATACGTAACCTACTTTACCCCACCGTCGAGTGATCCCGTGAACGTTACCTTGATAACGTCCATCCTAAAGACAACAAACATGACTTCTGTAAGATTTTGGGTCTCACTCATATATCT

TTTTTAAAGCATCATTATAGACAGGATACATGACTAGATGCCCGGTTTTCCTCAGAACTTCCTGCCAGGTGGTCCCAGTGGCGGAAATGCCCGGTCAGCTGC 3’
PP PP B PR B SR BN PR B PRI B PP BRI PP P TP B TP B TP I |

T T T T T T T T T T T T T T T T T T T 1 582
AAAAATTTCGTAGTAATATCTGTCCTATGTACTGATCTACGGGCCAAAAGGAGTCTTGAAGGACGGTCCACCAGGGTCACCGCCTTTACGGGCCAGTCGACG 5'

CTTTACGGGCCAGTCGACQ
KO GT down

Sequencing profile can be provided on request



Subclones 166-1 and 173-1 — allele 2

WT PCR band 558bp, the 5bp deletion results in nonsense amino acids 85-41 followed by premature stop codon.

WT GT up
[GGCAGCCATTTTACTCCCCTG

GGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCG

CCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGC

ATTCTTAAGTGTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAG

TAAGAATTCACACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTC
1 50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70

A" E L L E A A L D H N T I \" (o} L N T G S G K
- S

ACGTTCATCGCGGTCCTGCTCACCAAAGAGCTGGCCCATCAGGGGCGACCTCAACCCGCATGCAAAAAGGACCGTGTTCCTCGTCAACTCTGGTAATCAAACATCATTTCCCACACGTGA

TGCAAGTAGCGCCAGGACGAGTGGTTTCTCGACCGGGTAGTCCCCGCTGGAGTTGGGCGTACGTTTTTCCTGGCACAAGGAGCAGTTGAGACCATTAGTTTGTAGTAAAGGGTGTGCACT

1 1 1 1 75 1 1 1 1 80 1 1 | 1 85 1 1 1 1 90 1 1 1 1 95 1 1 1 1 100 1
T F I A Vi L L T K E L A H Q G R P Q P A C K K D R v P R Q L W [* |
Dicerl

5bp deletion (ATCAG)

GGAGAAAATTGGATGAGCCTTCATAGTTAAAAAGATTATCTCTGTGGGTATTAAATTATTGATAGTAAAACGAGTTTGACAAATAGTGTGCTTACTGAAGTCCTGCTAGCCAAAATACCA

CCTCTTTTAACCTACTCGGAAGTATCAATTTTTCTAATAGAGACACCCATAATTTAATAACTATCATTTTGCTCAAACTGTTTATCACACGAATGACTTCAGGACGATCGGTTTTATGGT

TTTTATTTCTCAGTAGAATTTCTCTCAATTGTTCAGACTCTGTGTTTCTCTTAGATGAGGACTTCTGGGGAGATGGCT 3’
PP PP BRI B B BN BN P MR SRR PP TP IS TP EEPIPEI SRR
T 1 T T T 1 T 1 T 1 T T T 1 T 1 558

AAAATAAAGAGTCATCTTAAAGAGAGTTAACAAGTCTGAGACACAAAGAGAATCTACTCCTGAAGACCCCTCTACCGA 5’

CCTGAAGACCCCTCTACCGA]
WT GT down

Sequencing profile can be provided on request



Subclone 203-1 —allele 1

KO PCR band 803bp

KO GT up
[EGTGTTCAGTCCTGAGCGGG

GGTGTTCAGTCCTGAGCGGGAGAAGCATACCTCGTGTAGGGTTCAGTCATTCGTGCCATTTTAGGGAAGTGGCCTGTGCAGAAATAATTATTAAATGACATTGCTGGTGCCATTTCAATGTTTGTTTCCAGCAGCACAGC

CCACAAGTCAGGACTCGCCCTCTTCGTATGGAGCACATCCCAAGTCAGTAAGCACGGTAAAATCCCTTCACCGGACACGTCTTTATTAATAATTTACTGTAACGACCACGGTAAAGTTACAAACAAAGGTCGTCGTGTCG

TGTGTGGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGTGTGGT

ACACACCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCACACCA

GCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCTCACCAAAGAGCTGGC

CGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGAGTGGTTTCTCGACCG

1 50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1 1 75 1 1 1 1 80 1 1
\ E L L E A A L D H N T I \ C L N T G S G K T F I A \4 L L T K E L A

CCATCGTACTATTGCACGGAATAGTAAGGGACAGATTTTGAGTCCGTGTTGGCTGCTGGTGAGTGGAGGCCAGGCTTTCAGACGCCACATTGTGCTGCAGAGAGGATTCTTGCCTTAAAAGGAAGGACTTGATAGTTTGC

GGTAGCATGATAACGTGCCTTATCATTCCCTGTCTAAAACTCAGGCACAACCGACGACCACTCACCTCCGGTCCGAAAGTCTGCGGTGTAACACGACGTCTCTCCTAAGAACGGAATTTTCCTTCCTGAACTATCAAACG

RS E—
H R T I A R N S K G Q I L S P C w L L \% S G G Q A F R R H I \" L Q R G F L P
| et (in frame With DICErL) == === oo o oo f oo oo . >
Dicerl

delta 40002bp

TTTTTTATTTTGCCTTCCCCTTATTATGCATTGGATGAAATGGGGTGGCAGCTCACTAGGGCACTTGCAATGGAACTATTGCAGGTAGGATTTCTGTTGTTTGTACTGAAGACATTCTAAAACCCAGAGTGAGTATATAG

AAAAAATAAAACGGAAGGGGAATAATACGTAACCTACTTTACCCCACCGTCGAGTGATCCCGTGAACGTTACCTTGATAACGTCCATCCTAAAGACAACAAACATGACTTCTGTAAGATTTTGGGTCTCACTCATATATC

ATTTTTAAAGCATCATTATAGACAGGATACATGACTAGATGCCCGGTTTTCCTCAGAACTTCCTGCCAGGTGGTCCCAGTGGCGGAAATGCCCGGTCAGCTGC 3’

} } ! } } } } } } ! } } } } } } } } } ——] 803

TAAAAATTTCGTAGTAATATCTGTCCTATGTACTGATCTACGGGCCAAAAGGAGTCTTGAAGGACGGTCCACCAGGGTCACCGCCTTTACGGGCCAGTCGACG 5'

CTTTACGGGCCAGTCGACN
KO GT down

Sequencing profile can be provided on request



Subclone 203-1 - allele 2 (WT)

sgRNA1 PCR band 563bp

WT GT up
[EGGCAGCCATTTTACTCCCCTG

GGCAGCCATTTTACTCCCCTGTTACTCTTGAGTAAATGTGAAGATAGTGGTTTTCTTTTTGCAAAGTTGTATGCAGAAGATTTTAGAAAACGGGGACATTTCTCTATTTAAAGCAAGCCGATTCTTAAGT

CCGTCGGTAAAATGAGGGGACAATGAGAACTCATTTACACTTCTATCACCAAAAGAAAAACGTTTCAACATACGTCTTCTAAAATCTTTTGCCCCTGTAAAGAGATAAATTTCGTTCGGCTAAGAATTCA

GTGGTGCCTGGCTAAGAAGTATGTGATCTTTTCCCATGTTTCAGGTTGAGCTGCTGGAAGCAGCTCTGGACCATAACACAATTGTGTGCTTGAACACTGGCTCAGGGAAGACGTTCATCGCGGTCCTGCT

CACCACGGACCGATTCTTCATACACTAGAAAAGGGTACAAAGTCCAACTCGACGACCTTCGTCGAGACCTGGTATTGTGTTAACACACGAACTTGTGACCGAGTCCCTTCTGCAAGTAGCGCCAGGACGA
1 50 L L L L 55 L L L L 60 L L L L 65 1 1 L 1 70 L L L 1 75 L L

V E L L E A A L D H N T 1 \' C L N T G S G K T F I A V L L
. Ocr ________________________________ P

CACCAAAGAGCTGGCCCATCAGATCAGGGGCGACCTCAACCCGCATGCAAAAAGGACCGTGTTCCTCGTCAACTCTGGTAATCAAACATCATTTCCCACACGTGAGGAGAAAATTGGATGAGCCTTCATA

GTGGTTTCTCGACCGGGTAGTCTAGTCCCCGCTGGAGTTGGGCGTACGTTTTTCCTGGCACAAGGAGCAGTTGAGACCATTAGTTTGTAGTAAAGGGTGTGCACTCCTCTTTTAACCTACTCGGAAGTAT

1 1 80 1 1 1 1 85 1 1 1 1 90 1 1 1 1 95 1 1 1 1 100 1
T K E L A H Q I R G D L N P H A K R T \' F L \4 N

0k
o}
=
o
—
)]

F P T R E E K I G %]
0 o= o > - — — - — — == == == ==========— (in frame with Dicerl) -----------------"--- >
] sgRNA
PAM
cut sgRNA1

GTTAAAAAGATTATCTCTGTGGGTATTAAATTATTGATAGTAAAACGAGTTTGACAAATAGTGTGCTTACTGAAGTCCTGCTAGCCAAAATACCATTTTATTTCTCAGTAGAATTTCTCTCAATTGTTCA

CAATTTTTCTAATAGAGACACCCATAATTTAATAACTATCATTTTGCTCAAACTGTTTATCACACGAATGACTTCAGGACGATCGGTTTTATGGTAAAATAAAGAGTCATCTTAAAGAGAGTTAACAAGT

GACTCTGTGTTTCTCTTAGATGAGGACTTCTGGGGAGATGGCT 3’
! ! ! ! ! ! ! ] 563
CTGAGACACAAAGAGAATCTACTCCTGAAGACCCCTCTACCGA 5’

CCTGAAGACCCCTCTACCGM
WT GT down

Sequencing profile can be provided on request



Subclones provided

Dicerl KO (RAW264.7 cells)

-
378 MGMP
I Monash Genome
=‘ | Modification Platform




Subclone 22-21
homozygous KO

Subclone 166-1
homozygous KO

Subclone 173-1
homozygous KO

Subclone 203-1
heterozygous KO

KO PCR

707bp

797bp

582bp

803bp

Dicerl KO subclones for handover

Allele 1

KO deletion

40098bp

40008bp

40223bp
(1bp change upstream of the
mutation)

40002bp

WT PCR

564bp

558bp

558bp

563bp

Allele 2

Mutation at sgRNAL1 site

1bp insertion

S5bp deletion

S5bp deletion

WT

Handover

Frozen vials



Mycoplasma screening

166-1
173-1
+vel
+ve2

203-1

—
o
o~
(@]

-ve

1500bp
1200bp
1000bp
900bp
800bp
700bp
600bp

500bp
400bp
300bp
200bp
100bp

Protocol |
(219~426bp)

1500bp
1200bp
1000bp

900bp

Protocol Il
(165~353bp)

Protocol | and Il are two independent PCR-based methods for detecting Mycoplasma/Acholeplasma species. +vel and +ve2 are
two Mycoplasma positive samples, giving the expected products at 219-426bp (protocol 1) and 165-355bp (protocol I1).

None of the clones give a positive band, indicating they are mycoplasma-free.
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MATERIALS

* DMEM (ThermoFisher, #10569044)

* Cas9-GFP (IDT Alt-R®S.p., #10008161)

* sgRNAs (IDT Alt-R® CRISPR-Cas9 sgRNA)

* Lipofectamine CRISPRMAX (ThermoFisher, #(MAX00015)

As per the Terms and Conditions of Phenomics Australia CRISPR Services, clause 16 (shown below), please include the relevant acknowledgement
statement(s) in all publications.

In receiving the Material, you agree to include the following acknowledgement in any publication, presentation or press release concerning the
Material: “The [insert-e.g. mutant animals (including rats, mice and rabbits)] were produced via CRISPR genome editing by the Monash Genome
Modification Platform (MGMP), Monash University as a node of Phenomics Australia. Phenomics Australia is supported by the Australian
Government Department of Education through the National Collaborative Research Infrastructure Strategy, the Super Science Initiative and the
Collaborative Research Infrastructure Scheme”.



