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Abstract

Parasitic worms (helminths) have evolved mechanisms to potently modulate the
mammalian immune response to ensure their long-term survival, while concomitantly
preventing excessive tissue pathology within the host. The outcome of this activity is a
potent suppression of mammalian pro-inflammatory Th1 and Th17 immune responses.
This immune-modulatory phenomenon is attributable to the molecules
excreted/secreted by helminths as they migrate through their human hosts. The
identification of these molecules has the potential to contribute to the development of
novel therapeutics for the treatment of autoimmune diseases as these diseases are

mediated by pro-inflammatory Th1 and Th17 immune responses.

It has previously been shown that the delivery of a single peptide, FhRHDM-1, which is
excreted/secreted from the helminth, Fasciola hepatica, prevented the development of
murine type 1 diabetes and multiple sclerosis. The aetiological similarity between these
two diseases, is the establishment of the pro-inflammatory environment by
macrophages and neutrophils. Therefore, it was hypothesised that FhHDM-1 likely
mediated its protective effect through anti-inflammatory mechanisms directed at these
cells. In this study, it was confirmed that FhHDM-1, specifically interacted with both
murine and human neutrophils and macrophages. Furthermore, it was demonstrated that
FhHDM-1 modulated the activity of these cells, by inhibiting the secretion of pro-
inflammatory cytokines/chemokines, which, in turn, prevented further activation of

pro-inflammatory T cells and dendritic cells.

The use of transcriptional profiling revealed that, of the 41,436 genes analysed in
macrophages, treatment with FhRHDM-1 altered the expression levels of only 6 of these.
Of these, only the expression level of SerpinB2 was increased, and this was shown to
subsequently mediate the suppression of pro-inflammatory cytokine secretion by T
cells. In the context of an inflammatory stimulus, FhRHDM-1 regulated the expression
of numerous pro-inflammatory genes in macrophages. Pathway analysis predicted that
this anti-inflammatory activity was mediated through the activation of PPAR-y
pathways. This is the first report of a PPAR-y agonist being secreted by a helminth

parasite as a mechanism of modulating mammalian innate immune responses.
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Importantly, a homologous parasite peptide from a related trematode parasite
demonstrated the same activity suggesting a conserved mechanism of action among

parasite helminths.

Analysis of the sequence of the FnHDM-1 peptide, combined with immunological
assays of peptide derivatives, supported the discovery of the minimally active sequence,
FhHDM-1.C2. This peptide contained both the amphipathic C-terminus region,
previously identified as functional, and a sequence of 5 amino acids (KARDR), which
was newly identified as essential for the binding and internal localisation of FhHDM-
1. This C2 derivative mimicked the activity of the full length peptide in every way, such
as the ability to bind and be internalised by macrophages, to increase macrophage
lysosomal pH, to induce the expression of SerpinB2, and to inhibit the production of

pro-inflammatory cytokines.

In summary, this thesis has newly identified the binding and active domains of the
parasite immune-modulatory peptide, FhHDM-1, and discovered the novel
mechanisms by which the peptide regulates pro-inflammatory innate immune responses.
Combined, these findings have significantly advanced the progress towards translation

of the FKHDM-1 peptide for therapeutic use in immune-mediated diseases.
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Chapter 1: Introduction




1.1 Helminth parasites are potent immune-modulators

The first evidence of parasite infections appear in the writings of the Egyptians and the
Greeks, dating back to 3000 BC [1], with eggs of intestinal parasites found within
prehistoric human coprolites (1250 AD) [2]. However, the interaction between humans
and the major helminth groups began hundreds of millions of years ago, coincident with
the evolution of the mammalian adaptive immune system [3, 4]. Over millennia of
shared evolution, helminth parasites have developed elaborate mechanisms to modulate
the human immune system to minimise the physical and immunological pathology to
the host. These same immune-modulatory mechanisms also prevent parasite expulsion
from the host to ensure long-term survival, and thus successful reproduction [5, 6]. The
effectiveness of this adaptation is proven by the continued prevalence of endemic
helminth infections in up to a third of the world’s population, which equates to over 2

billion people being currently infected [7].

Generally, the mammalian immune response to an invading pathogen, such as bacteria
or viruses, is a pro-inflammatory, T-helper 1 (Thl) and Th17 (Th1/Th17) type response
[8] (Fig. 1.1). This response is characterised by the functions of innate immune cells,
notably pro-inflammatory macrophages (termed M1) and dendritic cells (DCs), that
secrete cytokines, such as interleukin (IL)-1, IL-6, IL-12, and tumour necrosis factor
(TNF). This pro-inflammatory cytokine milieu activates the expansion of Thl CD4" T
cell populations, that exacerbate the pro-inflammatory response through the secretion
of additional cytokines, such as interferon gamma (IFN-y) and IL-6, which, in turn,
activate other immune cells [8]. The net result is the elimination of the pathogen, and

subsequent resolution of the pro-inflammatory immune response.

In contrast, when challenged with helminth parasites, the development of the Thl
immune response is inhibited, and instead an anti-inflammatory T-helper 2 (Th2) and
T-regulatory (Treg) immune response predominates (Th2/Treg) [9, 10] (Fig. 1.1). This
response is characterised by the activation of eosinophils, basophils, mast cells, and
regulatory B cells [5, 8, 11]. The switch towards a Th2 immune response during a
helminth parasite infection is controlled at the level of the innate immune response,

characterised by the inhibition of pro-inflammatory M1 macrophages and DCs [12, 13],



and the induction of an immature phenotype of dendritic cells (DC2s), and an anti-
inflammatory phenotype of macrophages (termed helminth-M?2 macrophages) [14, 15].
The phenotype of these ‘helminth-induced” M2 macrophages is characterised by
increased gene expression levels of Arg-1, Ym1 and Resistin-like molecule (Relm)-a.
[16, 17]; and surface receptors, including Programmed Death-Ligand 1 (PDL1) [18, 19].
This profile is characteristic of murine macrophages, but not human macrophages, as
Yml is not expressed in human macrophages [20], and there is debate as to whether
Arg-1 is also expressed by human anti-inflammatory macrophages [21]. There are,
however, many other characteristics shared by both helminth-induced M2 macrophages
in mice and humans, such as the induced differentiation of T cells into a Th2 phenotype,
due to macrophage secretion of anti-inflammatory cytokines, such as IL-4, IL-5, IL-9
and IL-13 [22, 23], and the concomitant suppression of Thl cellular proliferation [13,
18]. Therefore, the overall result of M2 macrophage activity is the inhibition of pro-
inflammatory Thl immune responses, which would be ineffective against large
multicellular helminths, and, if activated, would instead result in significant collateral
damage to tissues and organs. In addition, the generation of helminth-induced M2 and
Th2 cells mediate wound repair mechanisms to repair tissue damaged due to parasite
migration [5, 24, 25]. Deficiency of helminth-M2 macrophages in mice has led to
mortality by sepsis due to intestinal damage caused by parasite migration, and
subsequent release of bacteria [26], which highlights the importance of helminth-M2
macrophages in prolonging the parasite’s survival within a host, while simultaneously

minimising tissue damage.

As the parasite infection reaches chronicity, the differentiation of Treg populations is
initiated. These cells secrete regulatory cytokines, such as IL-10 and transforming
growth factor-f (TGF-B) [27, 28], which further inhibit the development of Thl
responses, and also regulate Th2 responses. This prevents the generation of extensive
tissue fibrosis, which would result from sustained wound healing activity mediated by

helminth-M2 macrophages, and their products [24].

In contrast to the immune response profile elicited by parasites (i.e. Th2 and Treg), are
the immune reactions involved in the pathogenesis of autoimmune diseases (Fig. 1.1),
which are typically characterised by a combination of Th1 and Th17 pro-inflammatory

responses. Examples of autoimmune disorders include rheumatoid arthritis (RA), type
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1 diabetes (T1D), inflammatory bowel disease (IBD), and multiple sclerosis (MS).
These diseases are characterised by dysregulated and exacerbated pro-inflammatory
immune responses directed against auto-antigens, resulting in tissue destruction [29].
In some syndromes, such as T1D, in which the pancreatic insulin-secreting beta ()
cells are destroyed, a single organ is affected, whilst in other instances, the destruction
is systemic dependent upon the auto-antigen(s) against which immune responses are

elicited.

The pathogenesis of autoimmune disease is multifactorial, involving a complex
interplay between genetic, environmental and immunological factors, and these
contribute to the varied pathologies and clinical symptoms. Despite such etiological
differences, many autoimmune diseases exhibit commonalities in the pathological
immune responses; namely the production of pro-inflammatory cytokines (IL-18, IL-6,
IL-12, TNF and IFN-y, and IL-17) by DCs and M1 macrophages [15]. Pro-
inflammatory macrophages are among the first immune cells to infiltrate target tissues
in several autoimmune diseases [30]. Due to the secretion of pro-inflammatory
cytokines (the quantity of which often correlates positively with disease severity [31-
33]), they are the primary drivers of tissue destruction and disease development [34].
Tissue damage occurs both directly, via the release of pro-inflammatory mediators, and,
indirectly through the activation and expansion of Th1/Th17 immune cell populations.
For example, in mouse models of MS and T1D, M1 macrophages predominate and their
elimination, via the use of liposome-encapsulated dichlormethylene diphosphonate [35,
36] or silica [37], prevented the clinical symptoms of MS and stopped the development
of T1D, respectively. Observations that the elimination of M1 macrophages attenuates
disease progression, confirms their central role in the development of the Th1/Th17

responses that dominate during the development of autoimmunity.

As one of the other most abundant innate immune cell types, neutrophils have recently
been ascribed a critical role in the initiation and perpetuation of autoimmunity [38, 39].
They are recruited very early to the tissue site [40] where they establish a pro-
inflammatory environment, which serves to recruit other pro-inflammatory innate cells
[41, 42]. For example, in mouse models of T1D, neutrophils from the pancreas have

been shown to activate DCs, which, in turn, release the pro-inflammatory cytokine,



IFN-a. This creates the pro-inflammatory environment necessary for the initiation of
autoimmunity in T1D [41]. In fact, the appearance of neutrophils within the pancreatic
islets precedes that of macrophages. There is also a correlation between increased
neutrophil infiltration and increased inflammation, implying their importance as one of
the principal immunological players in animal models of systemic lupus erythematosus
(SLE) [43-45] and RA [46-49]. Furthermore, in mouse models of MS, depletion of
neutrophils delayed the onset of disease, by impairing the priming and maturation of
DCs and macrophages [42]. All such evidence highlights the significance of neutrophils

in the pathogenesis of autoimmune diseases.

The pro-inflammatory environment, established by M1 macrophages and neutrophils,
facilitates the generation and expansion of Thl cells and, in turn, CD8" T cell
populations, which destroy cells expressing auto-antigens, such as the insulin-
producing [ cells in the case of T1D [50]. It was initially thought that these Th1 cells,
particularly CD4" T cells that produce IFN-y, were the cause of autoimmunity
development [32], however, murine studies using anti-IFN-y antibodies [51] or mice
deficient in IFN-y, have shown no protection against MS [52] or RA [53] development,
but rather disease symptoms were exacerbated. This was similarly observed after the
administration of anti-TNF antibodies, where only half of the mice were prevented from
T1D development [54]. This was shown to be an age-dependent phenomenon, as mice
treated with anti-TNF antibodies from 2 weeks of age, as opposed to 4 weeks of age
(when only 50% efficacy was observed), were completely protected [54]. Studies such
as these, in which the elimination of a single pro-inflammatory cytokine failed to
prevent autoimmunity, indicate that complex mechanisms determine the development
of autoimmune disease. The IL-17 producing CD4" effector cell lineage (Th17 cells)
are now also recognised as inducers of inflammation and autoimmune disease, which
operate in concert with Th1 cells to amplify pro-inflammatory immune responses. Th17
cells are initially recruited by IL-6 and TGF-f [55, 56], and then maintained by IL-23
[57], which subsequently leads to the production of IL-17 by these T cells, that

contributes to the progression of autoimmunity [58].
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Figure 1.1 Axes of the immunological response profiles for activated CD4"* T cells.
CD4" T cell populations can be functionally separated into four major phenotypes: T-
helper 1 (Thl), T-helper 17 (Th17), T-helper 2 (Th2), and T-regulatory (Treg). Each
population is associated with the induction of immunity against pathogens, and/or
development of pathologies (notably autoimmune disease and allergy) that lie between
the arms. Th1/Th17 (pro-inflammatory responses) precipitate autoimmune disease,
characterised by pro-inflammatory dendritic cells (DCs) and macrophages (M1),
neutrophils, and Th1/Th17 cells that produce pro-inflammatory cytokines. The
Th1/Th17 immune responses inhibit the Th2/Treg responses (and vice versa) that are
dominant in helminth infections, characterised by eosinophils, basophils, mast cells,
regulatory B cells, anti-inflammatory/regulatory DC2s, helminth-induced anti-
inflammatory (M2) macrophages, and Tregs that produce Th2/Treg cytokines. Arrows
indicate the respective cytokines produced by each immune cell type. Adapted from

[8].



The mutually antagonistic effects of the Th2/Treg and Th1/Th17 responses [8] (Fig.
1.1), explains, in part, the inverse correlation between the decreased prevalence of
helminth parasite infections in given populations, and the increasing incidence of
autoimmune diseases over recent decades [59, 60]. The rise in the incidence of
autoimmune disease over the last 50 years has predominantly occurred in Westernised
populations, such as Europe [61, 62] and Australia [63, 64], but remains low (to
negligible) in developing countries in which levels of sanitation are low, and
concomitant exposure to parasites is still relatively high. For example, the prevalence
of MS was significantly reduced once a critical threshold of helminth infection rates
(10%) was exceeded in any given population [65, 66]. Furthermore, MS patients, who
were infected with helminths experienced remissions of clinical symptoms, and
significantly fewer neurological lesions were observed. In these helminth-infected
patients, the cytokine profile (as measured in peripheral blood) was skewed towards a
Th2/Treg phenotype, with increased levels of IL-10 and TGF-, whilst IL-12 and IFN-
v levels were decreased [67, 68]. This evidence further supports the premise that the
historically ubiquitous presence of helminths in the human population has strongly
influenced the development of the human immune system. Indeed, analysis of 91
cytokine genes within 52 human populations revealed that the highest frequencies of
single nucleotide polymorphisms (SNP) within interleukin genes were among
inhabitants of geographical areas exhibiting the highest incidence of endemic helminth
infections [69]. It has been suggested that polymorphisms in immune-related genes
have arisen due to selective pressure exerted by the immune-modulatory ability of
helminth parasites. However, in populations where helminth infections are not endemic,
and consequently their immune-modulatory effects are absent, there is an increased
likelihood of dysregulated pro-inflammatory responses towards self-antigens, and the

development of autoimmune diseases [70].

The observed geo-epidemiological distribution of helminths and autoimmune disease
implies that the presence of helminth parasites likely constitutes a significant protective
environmental factor against the development of autoimmune disease. Conversely, the
absence of helminths confers an increased risk for the development of autoimmune
disease [71, 72]. This phenomenon, known as the ‘Hygiene Hypothesis’, was first
established by David Strachan in 1989 [73], and has since been re-termed the ‘Old
Friend Hypothesis’ by Rook [74]. Although the premise behind these hypotheses is
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similar, the ‘Hygiene Hypothesis’ states that the increased levels of sanitisation in
human societies have decreased exposure to pathogens, thereby causing an increased
prevalence of autoimmunity [73]. The ‘Old Friend Hypothesis’ asserts that humans
have ‘lost touch’ with the pathogens with which we have evolved, and hence re-
establishing the exposure to these ‘old friend’ organisms could facilitate the prevention
of autoimmune diseases [74]. In support of these proposals, the Th2 and Treg responses
initiated in response to infection with helminth parasites are sufficiently potent to
prevent the establishment of bacterial-specific Thl responses in co-infection studies
[75]. In addition, in mammalian populations where helminth parasites are endemic, the
induction of the protective Thl immune responses to vaccination is compromised [76,
77]. Further, this ‘immunologic hypo-responsiveness’ can be reverted by the
administration of anti-helminthic drugs, which further supports the notion that helminth

parasites are causing this type of immune-modulation [11].



1.2 Helminth parasites as “worm therapy”

It has been suggested that the potent immune-modulatory ability of helminths can be
exploited therapeutically [78, 79]. Initial studies focused on the concept of “worm
therapy”, based on the premise that the re-introduction of live helminth worms would
induce anti-inflammatory/regulatory immune responses, and thus suppress the pro-
inflammatory (Th1l and Th17) responses, which mediate autoimmune disease (‘Old

Friend Hypothesis’).

Experimentally, proof-of-concept has been widely demonstrated using animal models
with a wide variety of helminths (Table 1.1). Most cases have shown either delayed
onset and/or alleviated symptoms of disease when helminth infection was used as a
prophylactic treatment. Generally, disease protection induced by helminth infection in
these animal models was associated with a reduction in auto-antigen specific Thl and
Th17 responses, characterised by reduced secretion of TNF [80-83], IFN-y [82-86] and
IL-12 [84], and increased differentiation/expansion of Tregs [86, 87]. Furthermore, the
presence of M2 macrophages, and increased levels of IL-10, contributed to the
protection of mice from autoimmune diseases [80, 88-90], as the depletion of M2
macrophage populations [88, 91], or reduced IL-10 [92] production, abrogated the
protective effects. Interestingly, some mice were protected from colitis [91, 93-95] and
T1D [96] even in the absence of IL-10 production. This demonstrates the complex
mechanisms by which helminth therapy prevent autoimmunity. Indeed, contrary to the
therapeutic benefits observed with helminth infections, exacerbation of colitis was
observed with the use of Trichuris muris [97] and Hymenolepis diminuta [98, 99]. Thus,
not all worms may be efficacious as therapeutic agents to prevent/treat autoimmune

disease.

In humans, a number of small clinical trials (17 in total) using helminth infection to
treat autoimmune disease have been completed (Table 1.2). To date, only two parasites,
Necator americanus and Trichuris suis, have been used in human clinical trials. 7. suis
is a porcine whipworm, and, accordingly, is unable to colonise the human gut.
Therefore, its administration to humans has been predicted to not cause disease or

extensive pathology [100]. However, after ingestion of the eggs, the juvenile worms,



which hatch in the human intestine, are quickly expelled because humans are not a
natural host for 7. suis. Accordingly, the treatment regime consists of 2,500 eggs, taken
orally every two weeks. In contrast, N. americanus is a human parasitic worm.
Therapeutically, the patient is infected with 20 larvae, applied to the skin. Although the
burrowing of N. americanus through the skin reportedly causes a mild itch, the use of
a low number (20-25) of infecting worms presumes that minimal pathology will result.
Both of these parasites typically reside in the intestine and can remain viable for 1-2
years for 7. suis [101] and up to 5 years for N. americanus [102, 103]. Both worm
species have gained approval as an Investigational Medicinal Product (IMP) by the
Food and Drug Administration (FDA) agency in the US [104].

The outcomes of the reported human clinical trials using helminths to treat autoimmune
diseases are summarised in Table 1.2. In general, the majority of patients showed
improved clinical symptoms, with no severe adverse short or long-term side effects
(although some individuals experienced symptoms of mild itching, rashes and intestinal
enteropathy) [105]. Although such clinical outcomes are encouraging, the small sample
sizes and the short monitoring periods mean that results must be interpreted with
caution. A series of phase II clinical trials have been completed over the past five years,
which had increased sample sizes and improved experimental design (double-blinded,
placebo-controlled). However, many studies did not produce the desired results. For
example, the TRUST-2 study (clinical trial identification number: NCT01279577) for
Crohn’s disease was terminated due to a lack of treatment efficacy [106]. Another study
(NCTO01953354) was terminated due to the manufacturer’s decision to discontinue the
production of 7. suis eggs [107]. The MUCUS study (NCT01433471) for ulcerative
colitis had insufficient numbers of participants to draw any significant clinical
conclusions [108]. The WIRMS (NCT01470521) study for MS [109, 110] was

completed in early 2016, and outcomes are yet to be reported.

There are likely numerous reasons for the failure of these human clinical trials. Firstly,
there is frequently a disjunction between the translations of successful animal studies
to human trials. This is attributable, in part, to the majority of animal studies
establishing that helminths prevent the development of autoimmunity, rather than
ameliorating established autoimmune disease (Table 1.1). The anatomical locality of

the helminth infection may also be an issue for parasites that do not induce systemic
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immune-modulatory effects. For example, 7. suis only resides in the intestine, and,
therefore, may not be efficacious for the neurological sequelae of MS. Other factors
contributing to the lack of efficacy may include the duration and/or dosage of the
helminth infection, and the host’s genetics [111]. For example, different strains of mice
are known to have varying susceptibility to helminth infections [112, 113]. Therefore,
an individual’s genetic make-up may also modulate susceptibility to helminth infection,
thereby introducing a confounding factor for clinical trials. Nonetheless, collectively
the results of human and rodent studies, along with the established epidemiological
inverse relationship between helminth infection and autoimmunity, indicate that
helminths, and their products, are potent immune-modulators with significant

therapeutic potential.
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Table 1.1 Use of helminth infections, and their products, to prevent or treat autoimmune disease in animal models

Rodent Human Parasite
model equivalent
EAE MS H. polygyrus

S. mansoni

T. crassiceps
T. pseudospiralis
T. spiralis

T1D H. polygyrus

L. sigmodontis

Prophylactic/
Therapeutic

Prophylactic

Prophylactic

Therapeutic

Prophylactic
Prophylactic
Prophylactic
Prophylactic

Prophylactic

Prophylactic

Clinical Outcomes

Adoptive transfer of B cells from infected mice alleviated
symptom severity

Delayed onset of clinical symptoms with treatment 2 weeks and 4
days prior to the induction of EAE

Reduced recruitment of inflammatory cells to CNS

Delayed onset of clinical symptoms with treatment applied on 2
days from EAE initiation but not in effector days (days 7, 10 and14
from induction of EAE)

Delayed onset of clinical symptoms and inflammation of EAE
Reduced the symptoms of EAE in half of the mice infected
Reduced CNS inflammation and delayed onset of EAE

Reduced the severity of EAE development in rats

Reduced onset of T1D

Inhibition of pancreatic insulitis

T1D prevented up to 36 weeks [118] and 40 weeks of age [87, 119]

Prevented the onset of T1D
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MLDS- T1D
induction

TNBS- IBD
induction

DNBS- IBD
induction

S. mansoni

T. pseudospiralis

H. polygyrus

S. mansoni

T. crassiceps

H. polygyrus

S. japonicum

S. mansoni

H. diminuta

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Reduced onset of T1D

Free of T1D symptoms up to 36-37 weeks of age

Reduced the severity of MLDS-induced T1D but not in single
high-dose induced T1D.

Prevented decrease in pancreatic islet size

Reduced induction of T1D and prevented pancreatic degeneration
Reduced induction of T1D (40% of infected mice developed T1D,
as opposed to 100% of uninfected mice)

Decreased pancreatic insulitis

Inhibited the onset of colitis

Reduced symptoms of colitis and mortality of mice

Protected mice from TNBS-induced inflammation and hence
attenuated colitis

Concurrent infection reduced the duration of TNBS-induced
colitis from 4 weeks (uninfected) to 2 weeks in rats

Reduced clinical symptoms of colitis and hence protected mice
from colitis
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[121]

[118]

[96]

[122]

[80]

[123, 124]

[125, 126]

[84]

[127]

[92, 128]
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DSS- IBD
induction

IBD

Oxazolone-
induction

RA

T. pseudospiralis

H. polygyrus

S. mansoni

T. crassiceps

T. papuae

T. spiralis

H. polygyrus
T. muris
H. diminuta

S. japonicum

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic
Prophylactic
Prophylactic

Prophylactic

Reduced severity of colitis symptoms and decreased mortality of
mice

Inhibited the onset of DSS-induced colitis and inflammation
Inhibited the onset of DSS-induced colitis, with prevention of
weight loss and colon length shortening

Adoptive transfer of colon lamina propria macrophages from
infected mice protected mice from colitis

Reduced DSS-induced colitis

Adoptive transfer of alternatively activated macrophages from

infected mice reduced severity of colon inflammation

Reduced DSS-induced colitis and prevented weight loss,
shortening of colon length

Inhibited the onset of colitis and prevented weight loss and
shortening of colon length

Inhibited the onset of colitis and inhibited intestinal inflammation
Exacerbated colitis and intestinal inflammation
Exacerbated colitis and intestinal inflammation

Reduced the severity and incidence of type II collagen-induced
arthritis at the pre-established acute stage of infection
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[129, 130]

[131]

[81,91]

[132]

[133]

[134]

[93-95]
[97]
[98, 99]

[83, 135]
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S. mansoni Prophylactic Reduced the severity of type II collagen-induced arthritis with [82]
decreased systemic and local inflammation

Other Human Parasite Prophylactic/  Clinical outcomes Reference

models i Therapeutic

Idiopathic i3] T. trichiura Therapeutic Improved clinical symptoms (increase in weight gain) of 4 out [86]

chronic of 5 monkeys with established idiopathic chronic diarrhoea

diarrhoea

in

macaques

monkeys
EAE: Experimental Autoimmune Encephalomyelitis; MS: Multiple Sclerosis; H. polygyrus: Heligmosomoides polygyrus; Tregs: T-regulatory cells; S. mansoni:
Schistosoma mansoni; CNS: Central nervous system; 7. crassiceps: Taenia crassiceps; T. pseudospiralis: Trichinella pseudospiralis; T. spiralis: Trichinella spiralis;
NOD: Non-obese diabetic mice; T1D: Type-1 diabetes; L. sigmodontis: Litomosoides sigmodontis; MLDS: Multiple-low dose streptozotocin; TNBS:
Trinitrobenzesulfonic acid-induced mice; IBD: Inflammatory bowel disease; S. japonicum: Schistosoma japonicum; DNBS: Dinitrobenzene sulfonic acid; H.
diminuta: Hymenolepis diminuta; DSS: Dextran sodium sulfate; 7. papuae: Trichinella papuae; 1L-10: Interleukin-10; 7. muris: Trichuris muris; CIA: Collagen-
induced arthritis; RA: Rheumatoid Arthritis; 7. trichiura: Trichuris trichiura.
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Table 1.2 Use of helminth infections and products to treat autoimmune disease in humans
Study outline and number of subjects

Autoimmune

Clinical outcomes

disease
IBD (Crohn’s
disease)

Single dose of 2500 7. suis eggs given to 2 patients,
who were monitored every 2 weeks for 12 weeks
Repeated dose of 2500 7. suis eggs given to 2 patients,
who were monitored every 3 weeks for 28 weeks

Repeated dose of 2500 7. suis eggs given to 29
patients, who were monitored every 3 weeks for 12
weeks

Single dose of 25-50 N. americans larvae given to 4
patients and recorded CDAI at 3 week intervals
Repeated dose of 25-50 N. americanus larvae given at
week 0 and week 27 or 30 given to 5 patients with
recorded CDAI at 3 week intervals

Single dose of 500, 2500 and 7500 T. suis eggs were
given to 3 groups of 12 patients (where 9 patients of
each group were given the eggs, whilst 3 of each
group were given a placebo) with monitoring days 1,
3,5,7,9,11 and 14, and months 1, 2 and 6.
(Randomized, double-blind, placebo-controlled study;
ClinicalTrials.gov identifier: NCT01576461)

16

No adverse effects [136]
Single dose outcome: 75% of patients achieved remission

and 67% of these relapsed within 12 weeks

Repeated dose outcome: 100% of patients achieved

remission, with 50% maintaining remission for > lyear

No adverse effects [101]
79% of patients responded to treatment at 12 weeks
72% of patients achieved remission for 12 weeks

Presence of adverse effects for both dose groups, such as [105]
mild itching (lasting a few initial days), rash, transient

enteropathy

Achievement in remission with improvement in average

CDAI of 165 at week 0 to 64 at week 20 (for single dose

group) and 75 at week 45 (for repeated dose group), where

<150 CDALI equates to remission

No short or long-term side effects were observed. [137]
Overall, 26% of infected patients and 33% of placebo-

patients reported gastrointestinal issues, however this was

not a dose-dependent effect

Cont’



121D)

(Ulcerative
colitis)

(Named TRUST-1): Repeated dose of 7500 7. suis
eggs or placebo given to 250 patients every 2 weeks
for 12 weeks.

(Randomized, double-blind, placebo-controlled Phase
II study; ClinicalTrials.gov identifier: NCT01576471)

(Named TRUST-2): Low, medium and high doses of
(250, 2500 or 7500) T. suis eggs or placebo given to
252 patients every 2 weeks, for 12 weeks and CDAI
observed over 12 weeks

(Double-blind, randomised, placebo-controlled, Phase
II study; ClinicalTrials.gov identifier: NCT01279577)

Single dose of 2500 7. suis eggs given to 1 patient and
monitored every 2 weeks until 12 weeks

Repeated dose of 2,500 7. suis eggs given to 2 patients
and monitored every 3 weeks until 28 weeks

Repeated dose of 2500 T. suis eggs or a placebo given
to 54 patients and monitored every 2 weeks until 12
weeks

(Named MUCUS): Repeated dose of 2500 7. suis eggs
given to 2 patients every 2 weeks for 12 weeks, and
then crossed over to 12 weeks of placebo; whilst
another 2 patients received placebo for 12 weeks and
then crossed over to 12 weeks of egg treatment

17

Did not meet primary endpoint of improved response, of a
decrease of 100 CDAI points nor secondary endpoint of
remission (defined as <150 CDAI)

Non-significant improvement in patients with > 290 CDAI
patients

No significant adverse effects observed

Clinical remission seen in 38.5%, 35.2%, and 47.2% of
patients receiving 250, 2500, or 7500 eggs, respectively and
in 42.9% of placebo-patients

No advantage of treatment over placebo group

Trial terminated

No adverse effects

Single dose outcome: 100% of patients achieved remission
and 33% relapsed within 12 weeks

Repeated dose outcome: 100% of patients achieved
remission and maintained remission for a year (or over)

43% of infected patients and 17% of patients given the
placebo responded to treatment at 12 weeks

10% of infected patients and 4% of patients given the
placebo achieved remission at 12 weeks

Study had been completed, however, due to the small sample
group, outcome measures were not collected and analysed

[106]

[138]

[136]

[139]

[108]
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(Double blind, randomised, placebo-controlled study;
ClinicalTrials.gov identifier: NCT01433471)

(Named HINT-1): Repeated dose of 2500 7. suis eggs  No significant adverse effects were observed [140]
given to 5 RRMS patients every 2 weeks for 12 weeks 3 out of 5 patients experienced mild gastrointestinal
(ClinicalTrials.gov identifier: NCT00645749) symptoms

Brain MRI scans showed reduced number of lesions with an

average of 6.6 at baseline screening to 3 at 12 weeks of

treatment

(Named HINT-2): Repeated dose of 2500 7. suis eggs  Brain MRI scans showed reduced number of lesions with an ~ [141]
given to 15 RRMS patients every 2 weeks over 10 average of 3.2 at baseline screening to 2.1 in the last 5

months (Phase I study; ClinicalTrials.gov identifier: months of treatment

NCT00645749) Treatment deemed safe and eggs were well-tolerated

Repeated dose of 2500 T suis eggs given to 4 SPMS A decrease in inflammatory immune response and increase [142]
patients every 2 weeks over 3 months (EU clinical in anti-inflammatory response observed
trials register identifier: EUCT2009-015319-41) Treatment deemed to be safe

(Named TRIMS A):Repeated dose of 2500 T. suis Patients reported gastrointestinal issues [143]
eggs given to 10 RRMS patients every 2 weeks for 12 No beneficial effects reported of the treatment

weeks (Phase I study; ClinicalTrials.gov identifier:

NCT01006941)

(Named TRIOMS): Repeated dose of 2500 T. suis Trial terminated [144,
eggs or placebo given to 50 RRMS patients every 2 145]
weeks over 12 months (and continual monitoring with

immunological assays and MRI scans during the

treatment and post 6 months treatment)

Cont’
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(Double blind, randomised, placebo-controlled Phase
IT study; ClinicalTrials.gov identifier: NCT01413243;
EU clinical trials register identifier: EUCTR2009-
015319-41-DE)

Repeated dose of 7500 T.suis eggs or placebo given to  Trial terminated due to manufacturer’s decision to halt [107]
16 patients with left-sided ulcerative colitis every 2 production of 7T.suis eggs
weeks over 10 weeks

(Named WIRMS): Single dose of 25 N. americanus Outcome data not available [109,
larvae or placebo given to 36 patients (total 72 110]
patients) and monitored over 12 months with clinical,

immunological and MRI assays

(Double blind, randomised, placebo-controlled Phase

IT study; ClinicalTrials.gov identifier: NCT01470521;

EU clinical trials register identifier: EUCT2008-

005008Z2Y-GB)

Repeated dose of 2500 T.suis eggs or placebo given to  Trial terminated [66]
50 patients every 2 weeks for 24 weeks. An add on-

therapy for patients on stable methotrexate treatment

(EU clinical trials register identifier: EUCTR2011-

006344-71-DE)

IBD: Inflammatory bowel disease; T. suis: Trichuris suis; N. americanus: Necator americanus; CDAI: Crohn’s disease activity index; MS: Multiple sclerosis; RRMS:
Relapsing—remitting multiple sclerosis, MRI: Magnetic resonance imaging; SPMS: Secondary-progressive multiple sclerosis; RA: Rheumatoid arthritis
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1.3 Limitations and challenges for the use of live worm therapy

Despite the unsuccessful outcomes of the larger clinical trials, the earlier smaller studies,
the natural endemic population studies, and the vast majority of the animal studies
provide a strong rationale that ‘worm therapy’ should be pursued for the prophylactic
or therapeutic treatment of autoimmune disease. However, the use of live parasites is
not optimal. The compliance of patients is predicted to be generally poor, and this is
largely attributable to negative attitudes associated with the concept of being infected
with live pathogens [146]. Also, the administration of live parasites (and, in some cases,
the subsequent infection) has caused adverse side effects, at times even exacerbating
pro-inflammatory conditions, due to the parasite’s feeding and migratory activities [147,
148]. Additionally, the larval stages, which have been shown to be therapeutically
beneficial in trials, must be produced in a mammalian host [6]. This criterion prohibits
the mass scale production required for a truly global therapeutic. There is also a
significant risk of contamination with other human pathogens. For example, the parasite
N. americanus is harvested from the faeces of infected individuals. The use of the
porcine whipworm, 7. suis, does not circumvent this problem as there is a transferral
risk of hepatitis E virus, which is often found in pigs and is pathogenic to humans [104].
Accordingly, the use of pathogen-free pigs would be required to ensure the absence of
such infectious contaminants [101, 104]. Additionally, using 7. suis as a therapeutic
agent requires the frequent intake of 2,500 eggs, a dosing regimen with which many
patients fail to comply. Further, the viability of eggs cannot be established prior to
delivery to a patient, therefore an effective dose cannot be determined as some eggs fail
to produce viable juveniles. Finally, but most importantly, there is a lack of specificity
with the use of live parasites. As discussed previously, in populations endemically
infected with helminths, protective immunity (i.e. Thl and/or Th17 responses) is
compromised, which prevents the development of appropriate immune responses to
bacterial/viral pathogens and vaccination [147, 149]. Thus, the patient is effectively
immune-compromised, just as he/she would be if prescribed immunosuppressive drugs.
For individuals who are already immune compromised (such as children, the elderly,
and pregnant women) [150, 151], treatment regimens using live helminth infections
may be of greater risk than benefit [152, 153]. Therefore, the use of live helminth

infection is not a realistic treatment for autoimmune disease.
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A safer and more realistic alternative to live infection would be to identify the specific
immune-modulatory molecules produced by helminth parasites. This approach would
allow the precise mechanism(s) of action to be characterized, and their properties to be
modified to increase therapeutic efficacy [154]. In addition, synthetic peptides can be
easily manufactured to therapeutic standard, and can be modified during synthesis into
small molecule analogues to enhance stability, and to reduce undesirable
immunogenicity and toxicity. To date, there have been no clinical trials conducted to
assess helminth products for the treatment of autoimmune diseases. However, based on
the large body of evidence that helminth molecules possess potent immune-modulatory

activity, they likely have tremendous therapeutic potential [106].
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1.4 Use of excretory/secretory molecules of helminth parasites to prevent

autoimmunity

Within their mammalian hosts, helminth parasites secrete and excrete a mixture of
molecules. These excretory/secretory (ES) products perform a number of biological
functions to support the parasite’s growth and reproduction, such as degradation of
haemoglobin into essential nutrients [155] and cleavage of collagen to facilitate
migration through tissues [156]. However, it has been widely reported that the ES
products from many helminths also have the capacity to modulate host immune
responses, analogous to live infection per se [157-159]. Furthermore, the delivery of
ES products has been shown to prevent or ameliorate the clinical symptoms of
autoimmune disease in several animal models (Table 1.3). Like infection, protection is
typically associated with a reduction in Th1 and Th17 immune responses that are central
to disease development, and the induction of Th2/Treg type immune responses.
Macrophages have been shown to play a central role in this skewing of immune
responses induced by helminth ES products. For example, IL-10-producing
macrophages were responsible for reducing colonic inflammation mediated by
Acanthocheilonema vitae cystatin [160]. Delivery of ES-62 (from 4. vitae) inhibited
Thl cytokine production by pro-inflammatory macrophages [161, 162]. Collectively,
this data suggests that ES products drive macrophages towards the M2 phenotype, and
suppress the development of M1 macrophages, and thus the initiation of Th1/Th17
immune responses, in an analogous manner to live helminth infections. Therefore,
elucidating the immune-modulatory mechanisms of action of individual ES product
components would be highly advantageous in the process of developing novel

therapeutics for autoimmune disease [157].
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Table 1.3 Use of helminth excretory/secretory (ES) products as therapeutics in animal models of autoimmune disease

Animal Human Parasite molecule Clinical outcomes Ref
model  equivalent
CIA in [RiE.N ES-62 (the natural PC- Reduction in severity and progression of arthritis and production of Th1 [163]
mice containing glycoprotein) from  cytokines
A. viteae
Down-regulation of collagen-specific pro-inflammatory, Thl cytokines [164]
Down-regulation of Th1 and Th17 cytokine production [165]
Restored regulatory B cell infiltration into the joints [166]
TID DiAg from D. immitis Reduction in pancreatic islet antigen-specific Th1 response and switch to an [167]
anti-inflammatory Th2 response
Complete prevention of pancreatic insulitis (in 6 out of 7) and diabetes in 6-
week old NOD mice
TNBS- Qi AcES from 4. caninum Reduction in Thl cytokines and an increase in Treg cytokines [168]
induced Decrease in macroscopic inflammation score and MPO activity (indicative
mice of inflammation) of colon and lymph nodes of TNBS-induced mice
DSS- Increased Th2 cytokines and reduced Thl cytokines in draining lymph [169]
induced nodes and the colon of DSS-induced mice
mice Reduced colon pathology and DSS-mediated weight loss
ES products from 4. Reduction in Th1 and Th17 cytokine production [170]
ceylanicum Minimised clinical and microscopic colonic inflammation scores and MPO
activity

Cont’
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ES products from T. spiralis

Av17 (protease inhibitor,
cystatin) from A. viteae

ES product (55kDa) from H.
polygyrus
DNBS- ES product (high molecular
induced weight fraction) from H.
mice diminuta

Reduction in Th1 and Th17 cytokine production and increase in Treg
cytokines

Reduced macroscopic and microscopic inflammation in the colon, lymph
nodes and spleen

Decreased colon inflammatory activity, infiltrations and epithelial damage
Increase in Treg cytokines

Reduction in pro-inflammatory cellular infiltration and Th1 cytokine gene
expression

Reduced colon pathology and DSS-mediated weight loss

Increase in Treg cytokine

Reduced inflammation with decreased Th1 cytokine production and
increase in Th2/Treg cytokines

[171]

[160]

[172]

[173]

en-Induced Arthritis; RA: Rheumatoid Arthritis; PC: phosphorylcholine; A. viteae: Acathocheilonema viteae,; Thl: T-helper 1; NOD: Non-Obese Diabetic
Type-1-Diabetes; D. immitis: Dirofilaria immitis; Th2: T-helper 2; DSS: Dextran Sodium Sulphate; IBD: Inflammatory-Bowel Disease; 4. caninum:
caninum; TNBS: Trinitrobenzene Sulfonic acid; Treg: T-regulatory; MPO: Myeloperoxidase; A. caeylanicum: Ancylostoma ceylanicum; T. spiralis:
iralis; A. viteae: Acanthocheilonema viteae; DNBS: Dinitrobenzene Sulfonic acid; H. diminuta: Hymenolepis diminuta
he soluble egg antigens (SEA) from S. mansoni and Schistosoma japonicum have also shown efficacy in treating murine T1D [161] and MS [162], respectively, via the induction of

a Th2/Treg response. Although results are promising with the use of SEA, the use of egg antigens do not truly reflect the proteins that are actively produced during an infection, as it is more of
an experimental preparation. Therefore, the works described here are focusing only on helminth ES products that have shown therapeutic evidence in autoimmunity.
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1.5 Fasciola hepatica is a potent immune-modulator

Fasciola hepatica, commonly known as the liver fluke, has adapted to long-term
survival within its mammalian hosts, living up to 20 years in some instances [174].
Additionally, F. hepatica exhibits a widespread geographical distribution [175], and
host range (infecting the greatest variety of mammals, including mice, sheep, cattle,
goats, humans, hares, rabbits, and even birds) of all helminth parasites [175-177]. This
suggests that F. hepatica has evolved efficient mechanisms to invade host tissue and to
increase longevity within the host [178]. The ability of F. hepatica to infect and
complete its life-cycle in newer hosts, such as the kangaroo [179], also implies a
superior adaptation, as compared to other helminth parasites, such as Nippostrongylus
brasiliensis and Brugia malayi, which have adapted to only infect a single host [76].
Collectively, these characteristics suggest that F. hepatica excretes/secretes molecules

that possess considerable immune-modulatory potential.

The infection pathway of F. hepatica begins within the host after the ingestion of
metacercariae, which are the encysted larval form of the worm (Fig. 1.2). Upon
reaching the acidic environment of the gastrointestinal tract, immature flukes hatch, and
these newly excysted juvenile (NEJ) flukes migrate through the gut wall to enter the
peritoneal cavity (Fig. 1.2). The NEJ flukes continue to burrow through to the liver,
reaching the bile ducts 10-12 weeks after ingestion. Within the bile ducts, the NEJ
flukes mature into adult forms, which feed on blood by puncturing holes in the bile duct
wall, and then reproduce (Fig. 1.2) [174]. In order for F. hepatica to survive and
successfully reproduce in such an environment, this helminth has developed elegant
mechanisms to inhibit the host’s protective pro-inflammatory Th1 immune responses

[152], and to drive the development of Th2 and Treg immune responses (Table 1.4).
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Figure 1.2 Lifecycle of Fasciola hepatica. Graphical representation of F. hepatica
lifecycle. (1) Within the host (varying from humans, cattle and sheep), immature flukes
hatch from metacercariae upon reaching the acidic environment of the gastrointestinal
tract. These newly excysted juvenile (NEJ) flukes migrate through the gut wall to enter
the peritoneal cavity and (2) burrow through the liver. (3) The NEJ flukes continue to
burrow through to the liver, (4) reaching the bile ducts to mature into adult forms. (5)
The further lifecycle stages of F. hepatica after the eggs are released via faeces from
the host, into pasture. From the eggs, the miracidium form of F. hepatica infects the
snail intermediate host, Galba truncatula. Within the snail host, the parasite develops
through the sporocyst, rediae and cercariae lifecycle stages, and are deposited on
vegetation for the dormant metacercariae to be ingested by the host. Adapted from
[180].
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Within hours after the ingestion of F. hepatica metacercariae, the phenotype and
function of innate immune cells are altered. Coincident with the penetration of the
parasite through the intestinal wall, the expression levels of M1 associated genes in
peritoneal macrophages are significantly decreased (Donnelly ef al., unpublished data).
As the parasite reaches the liver, macrophages express the characteristic markers of a
helminth-M2 macrophage phenotype [181-184]. These macrophages promote the
expansion of Th2 cells that secrete IL-4 [183, 185, 186] and IL-5 [186], which facilitate
the production of the Th2-associated antibody, IgG1 [186-189]. As infection progresses
to the chronic phase (6 weeks post-infection in a natural host, such as cattle), the levels
of the Treg cytokines, IL-10 and TGF-p, increase [28, 185, 186]. Simultaneously, the
levels of Thl-associated IgG2 antibody decrease [187], and T cells no longer produce
Th1 type cytokines in response to bacterial challenge [75, 186]. This potent immune-
modulatory ability of F. hepatica was sufficient to significantly delay the onset and
reduce the clinical severity of disease in a mouse model of MS [28]. Disease protection
was associated with a suppression of Thl and Th17 responses, and an increase in the
levels of IL-10 and TGF-f secreted by Tregs and M2 macrophages [28]. These data
suggest that F. hepatica produces potent immune-modulatory molecules capable of

polarising the immune system towards anti-inflammatory/regulatory responses.

It has been demonstrated that the immune responses induced by live infection with F.
hepatica are replicated by use of the ES products (termed FhES) alone. In vitro,
administration of FhES to bovine macrophages induced increased secretion of IL-4 and
IL-10, and a switch to a M2 phenotype [182]. In addition, administration of FhES to
mice (via intraperitoneal injection) resulted in a polarised Th2 immune response, and
the activation of helminth-M2 macrophages [183, 184]. Similar to observations using
live infection, the delivery of FhES to mice also prevented the development of bacterial
specific Thl immune responses in response to co-infection with Bordetella pertussis,
or in response to immunisation with a whole cell pertussis bacterial vaccine [75]. Given
these observations, the potency of immune-modulation by FhES was tested in the non-
obese diabetic (NOD) mouse model of T1D. Only 6 intraperitoneal injections of FhES
(10ug each) delivered on alternate days was sufficient to prevent autoimmune diabetes
when delivered at a time-point coincident with the infiltration of macrophages into islets

and the initiation of diabetogenic T cell priming events (4 weeks of age) [190].
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Treatment of NOD mice with FhES resulted in significant decreases in the levels of
auto-antigen specific IFN-y, a switch in the isotype of auto-antibodies from a Thl
associated IgG2a to a Th2 induced IgGl, and the differentiation of helminth-M2
macrophages [190]. Importantly, these helminth-M2 macrophages promoted the
development of Tregs in vitro, suggesting a mechanism by which NOD mice were
protected from disease after FhES treatment. More recently, FhES has been shown to
afford protection from MS, in the murine EAE model, via reduction of Th1/Th17 cell
infiltration into the brain, and the induction of Th2/Treg cytokines by eosinophils and
helminth-M2 macrophages [191]. The efficacy with which FhES treatment prevented
autoimmunity in both T1D and MS models indicated that it represented a potent source
of parasite-derived immune-modulators, which could be mined to isolate, identify and

characterise novel therapeutic agents.
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Table 1.4 Host immune response profiles induced by Fasciola hepatica and its excretory/secretory molecules (FhES)

Summary of study
F. hepatica oral infection of cattle

Immune response outcomes
1 M2 macrophage
1 Th2/ Treg cytokines (IL-4, IL-10, TGF- B)
1 Th2 antibody (IgG1)
| Th1 antibody (IgG2)
| Th1 cytokine (IFN-y)
1 M2 Mphi
1 Th2/ Treg cytokines (IL-4, IL-5, IL-10, TGF- B)
1 Th2-associated antibody, IgG1 production
| Th1 cytokines (IL-2, IL-12, IFN-y)
| in Th1 and Th17 type cells and cytokines (IL-17 and IFN-y)
1 in M2 macrophage and Treg cells and cytokines (IL-10, TGF- )
1 Th2/ Treg cytokines (IL-4, IL-10)
1 M2 macrophage
FhES administration to mice via 1 M2 macrophage
intraperitoneal injections 1 Th2/ Treg cytokines (IL-4, IL-5)
FhES administration to mice infected with or 1 Th2 cytokine (IL-4)
obtained vaccination of B. pertussis in mice | Th1 cytokine (IFN-y)
FhES administration to mice models of T1D | Thl cytokine (IFN-y)
(NOD) 1 Th2 antibody (IgG1)
1 M2 macrophage
FhES administration to mice models of MS 1 Th2/ Treg cytokines (IL-4, IL-5, IL-13, IL-33, TGF- )
(EAE) 1 in Th1 and Th17 type cells and cytokines (IL-17 and IFN-y)

F. hepatica oral infection of mice

F. hepatica oral infection of mice models of
MS (EAE)
FhES administration to cattle Mphi in vitro

F. hepatica: Fasciola hepatica; M2 macrophages: Macrophages of T-helper 2 phenotype; Th2: T-helper 2; Treg: T-regulatory; Thl: T-helper 1; IL: Interleukin; Ig: Immunoglobulin; IFN-y:
Interferon Gamma; MS: Multiple Sclerosis; EAE: Experimental Autoimmune Encephalomyelitis; FhES: Fasciola hepatica Excretory/Secretory molecules; TGF- : Transforming Growth Factor-

B; B. pertussis: Bordetella pertussis. T and | denotes increase and decrease, respectively.
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1.6 Identification of the individual immune-modulatory molecules of FhES

Size exclusion chromatography has been used to fractionate and characterise the protein
content of FhES. Proteomics analyses of these fractions have revealed that FhES
contains fewer proteins than the ES products of other parasites [194]. For example,
examination of the secretome of the eggs from the closely related blood fluke,
Schistosoma mansoni has identified 188 proteins [195]. In contrast, proteomic analysis
of F. hepatica ES has identified only 160 proteins [155]. Indeed, when separated by
one-dimensional electrophoresis, FhES consists of a relatively simple mixture of
proteins (Fig 1.3). Predominant amongst these are the cysteine protease enzymes, with
Cathepsin L1 (FhCL1) accounting for 67% of the total secreted Cathepsin L molecules
by the Fasciola worm [196]. Within the remaining 32% of FhES, a number of different
proteins have been characterised, such as fatty acid binding proteins, peroxiredoxin,
serpins, and glutathione transferase. However, the most abundant appear to be a small
(8kDa) protein, termed F. hepatica helminth defence molecule-1 (FhHDM-1) [155].
Interestingly, homologs of these abundant proteins among FhES (FhCL1 and FhRHDM-
1) have been identified in other helminth parasites, suggesting their conservation to

perform vital roles for parasite survival.

To assess the therapeutic efficacy in comparison to FhES, recombinant forms of FhCL1
and FhHDM-1 (as the two most abundant molecules of FhES), were tested in animal
models of autoimmunity. This study showed that neither FhPrx (Donnelly et al.,
unpublished data) nor FhCL1 [197] prevented disease development in murine models
of T1D or relapsing/remitting EAE. However, a short time course of treatment with
FhHDM-1 prevented the development of T1D and reduced the clinical symptoms of
EAE [197]. These data suggest that within the ES products of F. hepatica, FnHDM-1

may be the sole molecule with potential as an immune therapeutic.
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Figure 1.3 One-dimensional gel of Fasciola hepatica excretory/secretory (FhES)
molecules. FhES was fractionated into ten fractions and run on a one-dimensional
sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) gel. FhRHDM-1
and FhCL1 (in red boxes) were the most abundant molecules found within FhES. The
column on the left is the molecular weight ladder in kDa (Joyce To, 2015, unpublished).
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1.7 FhHDM-1: A cathelicidin-like immune modulating peptide

FhHDM-1 is consistently expressed throughout all life-cycle stages of F. hepatica (NEJ
flukes, 21-day immature liver stage flukes, and adults), and is regurgitated by the worm
every 3h [198]. Therefore, the host is exposed to FnHDM-1 continually during the
helminth’s residence. The observation that antibodies against FlHDM-1 are present in
the serum of sheep 4-8 week post-infection, supports the premise that FRHDM-1 is a
key protein facilitating the survival of F. hepatica, throughout the migratory stage and
long after the parasite has taken up residency in the bile ducts of the host [199].
Additionally, the relative abundance of FhRHDM-1 within FhES also suggests that it

performs a crucial function in ensuring parasite survival and longevity.

1.7.1 Structure of FhRHDM-1

Reverse-phase high-performance liquid chromatography has revealed that FhHDM-1
is a small protein; 8kDa in size [199]. Further structural analysis identified a N-terminal
signal peptide, adopting an a-helical secondary structure, and a hydrophobic C-terminal
fragment of 34-residues (named FhHDM-1 p2) [199] (Fig. 1.4). The structural
characteristics of FhRHDM-1 resemble that of a class of mammalian antimicrobial/host
defence peptides (HDPs), known as the cathelicidins. These peptides are an essential
component of the mammalian innate immune response, thought to act primarily as
bactericidal agents during infections due to their ability to disrupt bacterial membranes
[200], although they can also affect certain fungi and viruses [201]. Testament to their
anti-bacterial properties, the cathelicidins are widely distributed throughout the
mammalian body, being found in the skin, alimentary canal, saliva, and sweat [202,

203].

Cathelicidins are now also recognised as molecules that are not simply anti-microbial
agents, but function as important modulators of the innate immune system [202]. For
example, PR-39 (a porcine HDP) facilitates tissue repair through the induction of
syndecan proteoglycan synthesis [204] and angiogenesis [205]. This molecule is also
directly anti-inflammatory, through its ability to inhibit the production of reactive
oxygen species (ROS) by activated neutrophils [206]. Similarly, the human cathelicidin

homolog, LL-37, can act as a chemoattractant for monocytes, neutrophils, T-cells, and
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mast cells [207, 208]. Additionally, after cleavage of its precursor protein, CAP18, LL-
37 can reduce the expression levels of pro-inflammatory cytokines, such as TNF, and
pro-inflammatory genes, such as NF«B1 (p105/p50) and TNFa-induced protein 2 [209].
Considering the structural similarities between FnHDM-1 and the cathelicidins it was

suggested that FhRHDM-1 might exert similar biological functions.
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Figure 1.4 Structure of FkRHDM-1. (A) A model of secondary structure of FKRHDM-1
showing the o-helical secondary structure and a helical wheel diagram showing the
amphipathic region towards the C-terminus. (B) The primary amino acid sequence of
FhHDM-1. The amphipathic region for both the secondary structure (A) and primary

sequence (B) is indicated in red. Adapted from [199].
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1.7.2 FhHDM-1 is likely not anti-microbial, anti-parasiticidal or cytotoxic to
mammalian cells

Cathelicidins are known to be anti-microbial, anti-parasiticidal, and cytotoxic to
mammalian cells, especially due to the presence of a conserved amphipathic region.
Despite possessing a similar amphipathic helix [199] (Fig. 1.4), FkHDM-1 p2 neither
inhibited the growth of gram-negative (Escherichia coli, Pseudomonas aeruginosa and
Salmonella  typhimurium) and gram-positive (Staphylococcus aureus and
Staphylococcus epidermidis) bacteria, nor reduced the viability of parasites,
Cryptosporidium parvum and C. hominis (even at the highest concentration used
[2.5uM]) [210]. Furthermore, FKRHDM-1 p2 (even at a concentration of 50uM), neither

induced cell death in murine macrophages nor caused lysis of human erythrocytes [210].

Similar to F. hepatica, genes encoded for cathelicidin-like peptides have also been
identified in the genomes of all other human trematodes, including S. mansoni, S.
Jjaponicum, Clonorchis sinensis, Paragonimus westermani, and Opisthorchis viverrini
[199]. The ability of the helminth cathelicidin-like peptides to suppress Thl responses,
whilst being non-cytotoxic and non-anti-microbial, suggests the conservation of an

immune-modulatory function [210].

1.7.3 FhHDM-1 binds lipopolysaccharide

Host defence peptides, especially those that possess a hydrophobic helical structure,
directly bind and neutralise bacterial endotoxin, lipopolysaccharide (LPS) [211, 212],
which normally activates Thl type M1 macrophages [213]. It follows that blocking the
interaction between LPS and its cellular receptor would inhibit activation of the
downstream Th1 pro-inflammatory response. Having established that FhHDM-1 (and
FhHDM-1 p2) similarly adopts an amphipathic helix, Thivierge et al. directly compared
FhHDM-1 to a panel of well-characterised HDPs (such as LL-37 [human], SMAP-29
[sheep], CRAMP [mice], and BMAP-28 [cattle]), with regards to its ability to directly
bind and neutralise LPS [210]. As predicted from structural analyses, FnHDM-1 and
FhHDM-1 p2 interacted with LPS [199], with similar efficacy to that of its mammalian
counterparts [210]. This was confirmed in another study, where FKRHDM-1, and the C-
terminus equivalent to FhRHDM-1 p2 (termed sFhMF6c), were able to bind to two
serotypes of LPS [214]. The truncated versions of the C-terminus, as well as the

remainder of the FhHDM-1 molecule that excluded the C-terminus (termed the N-

35



terminus), did not bind to either of the LPS serotypes, confirming that the whole
segment of this particular region of the protein is necessary for its binding capability.
Consistent with its ability to bind LPS, mammalian HDPs and FhHDM-1 p2 were able
to suppress the levels of TNF secreted by LPS activated macrophages in vitro [199,
210]. The LPS-induced production of TNF and IL-1f was also inhibited by FnHDM-1
treatment in vivo [199], and this resulted in the protection of mice from LPS-induced
sepsis [199]. It has been proposed that the parasites may secrete these peptides to
prevent the initiation of pro-inflammatory responses elicited by bacteria, which would
likely be released from the gastrointestinal tract as a by-product of the worm’s

migration [199].

1.7.4 FhHDM-1 modulates the biological activity of macrophages

Considering that the peritoneal cavity is populated primarily by macrophages, and that
FhHDM-1 is secreted at this site during a typical infection with F. hepatica, it was
perhaps not surprising that FhHDM-1 showed a high binding affinity for macrophages
in vivo (in autoimmune NOD mice and immune competent BALB/C mice) [197]. It
was also found that both the full-length FRHDM-1 peptide and the C-terminal portion,
FhHDM-1 p2, bound directly to the membrane of both murine and human macrophages
in vitro [215]. This interaction appeared to occur specifically with cholesterol motifs,
via an electrostatic interaction, and was not associated with protein or receptor binding
[215]. The amphipathic helix was critical for this interaction, as a similar peptide
containing 6 amino acid substitutions, which reduced the hydrophobicity of the
amphipathic helix, was unable to bind to the same motif [215]. This membrane
association facilitated internalisation of FhHDM-1, and subsequent delivery of the

peptide to endolysosomal compartments.

The functionality of the macrophage lysosome is dependent upon pH, with most
enzymes within the organelle requiring an acidic pH for optimal catalytic activity [216].
The pH of the lysosome is tightly controlled by the actions of membrane vacuolar
ATPases (vATPases), which regulate the flow of hydrogen ions into the vacuole [217].
In vitro, FKRHDM-1 was shown to inhibit the vATPase activity of lysosomal vesicles
[215], which led to the hypothesis that the peptide was modulating the pH, and therefore
the activity of lysosomal proteases. Within macrophages, lysosomal proteases are vital

for various immunological functions, such as antigen processing and presentation [218]
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and induction of apoptosis [219]. Most importantly, functional lysosomal proteases are
required for the effective processing of toll-like receptors (TLRs), and their subsequent
pro-inflammatory signalling pathways [220]. With the known ability of FhRHDM-1 to
be internalised and localise to the lysosome [215], there may be intracellular signalling

pathways that are targeted indirectly, through the modifications to lysosomal pH.

Consistent with this premise, FhnHDM-1 was shown to inhibit the activation of
lysosomal Cathepsin B, which is crucial for the activation of the NLRP3 inflammasome,
after its release from disrupted phagolysosomes, to ultimately inhibit the production of
biologically active IL-1p [221]. Given the growing evidence that the inflammasome
plays an important role in the pathogenesis of autoimmune disease [222, 223], this
further suggests that lysosomal modifications within macrophages induced by FhHDM-

1 are central to its ability to prevent autoimmunity in multiple disease models.

37



1.8 Research questions and aims

The research to date has strongly indicated that FhRHDM-1 is an anti-inflammatory
peptide with potential as a therapeutic agent for autoimmune disease. However, further
detailed information regarding its cellular binding abilities, mechanisms of action and
potential off-target effects is required before FhRHDM-1 can be progressed to pre-
clinical and clinical trials. Additionally, for manufacturing the peptide for therapeutic
applications, it would be advantageous if smaller derivatives of FhHDM-1 were equally

efficacious.

Therefore, the aims of this research project were to:
1. Assess the anti-inflammatory activity of FhRHDM-1
ii.  Identify the minimal bioactive derivative of FhHDM-1
iii.  Determine if FNRHDM-1 interacted with neutrophils

1.8.1 Assessing the anti-inflammatory activity of FhHDM-1

As discussed previously (Section 1.7.3), FhRHDM-1 reduced the levels of the pro-
inflammatory cytokines, TNF and IL-1pB, produced by macrophages in response to
bacterial LPS [197, 199]. The experimental approach was designed to demonstrate that
FhHDM-1 bound to LPS, thus preventing its binding to macrophage receptors, notably
TLR-4, which is a known LPS receptor [224]. However, the evidence showing that
FhHDM-1 is internalised by macrophages, and localises to the lysosome, suggests that
the peptide may also impact upon intracellular signalling pathways to modulate the
inflammatory response. Therefore, the activation of FRHDM-1 treated macrophages in
response to LPS, after internalisation of the peptide, was investigated. Furthermore, to
deduce if there were any intracellular pathways specifically targeted by FRHDM-1, the
inhibition of macrophage activation in response to a range of TLR ligands was assessed

(Chapters 3 & 4).

1.8.2 Determining the minimal bioactive derivative of FRHDM-1
FhHDM-1, being 8kDa in size, is considered a ‘large peptide’, and therefore, is a
challenging molecule to chemically synthesise for an up-scaled production, which

would be required for its use as a therapeutic peptide. Elucidation of the smallest
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peptide derivative that displays comparable efficacy to that of the full length peptide
would better facilitate large scale production and further allow for the accurate
identification of the biological active regions of the peptide. Therefore, the cellular
binding and internalisation, and the biological activity of a number of FhHDM-1

peptide derivatives were assessed (Chapter 5).

1.8.3 Determining the interaction of FhRHDM-1 with neutrophils

It has been reported that FNRHDM-1 interacts with, and is internalised by, murine and
human macrophages [197, 215], as studies to date have only examined the binding of
FhHDM-1 to macrophages in isolation. However, given the central role that neutrophils
also play in the initiation and perpetuation of autoimmune disease, it was determined if

FhHDM-1 interacted with, and exerted biological effects upon, neutrophils (Chapter 6).
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Chapter 2: Materials and Methods
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2.1 General Materials

2.1.1 General Chemicals and Reagents

Supplier

General chemicals and reagents

Baxter Healthcare (Illinois, USA)

Baxter (Bx) water for irrigation

Bx saline for irrigation

Chem-supply (SA, Australia)

Glycine

Greiner Bio-one

(Kremsmiinster, Austria)

Conical Tubes (15ml and 50ml)

InvivoGen (CA, USA)

Polyinosinic:polycytidylic acid (High
molecular weight; Poly (I:C))

Life Technologies (CA, USA)

Pre-heat inactivated Fetal Bovine Serum

(HI FBS)

Trypan Blue
Scientific Specialities Inc. (CA, USA) Microtubes (1.5ml)
Sigma-Aldrich (St. Louis, MO, USA) 3,3°,5,5" tetramethylbenzidine (TMB)

Dimethylsulfoxide (DMSO)

EtOH (100%)

Lipopolysaccharide from Escherichia
coli 011:B4 strain (5 x 10* EU/ml; LPS)
Phosphate Buffered Saline (PBS) and
PBS + 1% w/v Bovine Serum Albumin
(BSA) sachets

Tween 20

-mercaptoethanol

2.1.2 General Buffers

All buffers were made up using milliQ water (MqH-0).

1 x PBS: 0.1M PO4*, 0.138M NaCl, 2.7mM KCI, pH 7.4
PBS azide (PBS/Az): PBS, 0.05% w/v NaN3

PBS washing buffer (PBS/T): PBS + 0.05% v/v Tween 20
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2.2 Preparation of Parasite Molecules

2.2.1 Fasciola hepatica Helminth Defense Molecule (FhHDM-1), derivative peptides,
cathelicidins and cathelicidin-like peptides

The full length FhHDM-1 and its derivatives, cathelicidins (LL-37, CRAMP) and
cathelicidin-like peptides (Opisthorchis viverrini helminth peptide, Hydrophis
cyanocinctus sea snake peptide) used in all experiments were produced by chemical
synthesis, to 95% purity and verified to have no endotoxin contamination. Synthetic
peptides were produced by GL Biochem (Shanghai, China) or GenScript (NJ, USA).
Lyophilised synthetic peptides were reconstituted in 100% DMSO, under aseptic
conditions. For cellular assays, peptides in DMSO were diluted with appropriate cell
media and/or saline to working concentrations of <1% DMSO. Other peptides were

reconstituted in either Bx water or saline under aseptic conditions.

2.2.2 Amine labelling of FRHDM-1 and FhHDM-1.C2 peptide

FhHDM-1 was labelled with either Alexa Fluor 488 or Alexa Fluor 647 carboxylic acid,
succinimidyl ester, according to the manufacturer’s instructions. The FhHDM-1.C2
peptide was labelled with Alexa Fluor 488 dye. In brief, the peptides were diluted
initially in 0.1M PBS to a concentration of 1mg/ml, and then incubated with 10 molar
fold excess of either Alexa Fluor 488 or 647 dye, with rotation on a wheel (protected
from light), at room temperature (RT), for 1-2h. After conjugation of the dye to the
peptides, excess unconjugated dye was removed via dialysis using the Slide-A-Lyzer
cassette with a 2,000 kDa molecular weight cut off (Thermo Fisher Scientific; Boston,
MA, USA), in 3 changes of Bx saline. Following dialysis, peptides were assessed by
1D polyacrylamide gel electrophoresis, or via NanoDrop One/One (Thermo Fisher
Scientific), to confirm the successful labelling of the peptides, and concentrations were

then adjusted to 1mg/ml.
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2.3 Cell culture

To prevent any bacterial contamination, all experiments involving tissue culture and
procedures with human and murine derived products were performed aseptically within
a Biosafety Cabinet Class-II (BSC-II), located within a PC2 certified laboratory, using
sterile, disposable plasticware. The BSC-II cabinet was cleaned with 80% (v/v) EtOH
and treated with UV light, before and after use.

2.3.1 General tissue culture reagents and materials

Polypropylene tissue culture plates (6, 12, 24 and 96 well) were supplied by BD
Biosciences (San Diego, CA, USA). Roswell Park Memorial Institute (RPMI) 1640
media, 10,000U/ml Penicillin/Streptomycin (Pen/Strep) were supplied by Thermo
Fisher Scientific. autoMACS® Rinsing Solution (RS), MACs BSA Stock Solution,
Midi MACS™ separator and MACS® LS separation columns were supplied by
Miltenyi Biotec (Bergisch Gladbach, Germany); 75cm? tissue culture flasks (T75) were
supplied by Corning (NY, USA). Sterile 1 x PBS was made by dissolving 10 PBS
tablets supplied by Astral Scientific (Uppsala, Sweden) into 1L of Bx water.

2.3.2 Animals

Female 6-8 week old BALB/C mice (ARC, Perth, Australia) were used for all murine
experiments requiring primary cells. Mice were euthanased by CO; asphyxiation under
the guidelines of the UTS Animal Care and Ethics Committee (Protocol number: 2015-
000359). Bone marrow was collected from the femurs and tibias of mice through
aspiration with a 26G needle and syringe using RT RPMI 1640 media. The cells were
then aspirated through a 21G needle and syringe to produce a suspension of single cells.
Peritoneal lavage was collected by injecting 5Sml of ice cold sterile PBS into the
peritoneum, which was then massaged, and cells were collected by withdrawing the
injected media using a syringe. Spleens were harvested by sterile dissection and placed

into ice-cold RPMI 1640 media.
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2.3.3 Primary cells

2.3.3.1 Cell culture of murine bone marrow derived macrophages

Primary murine bone marrow derived macrophages (BMDMs) were isolated as
previously described [225]. In brief, bone marrow from mice was placed into RPMI
1640 media through aspiration with a needle and syringe. Then, 2 x 107 cells were
plated in a volume of 10ml in bacterial grade petri dishes (Techno Plas, SA, Australia),
and cultured in BMDM media (RPMI 1640 media + 1% Pen/Strep + 10% v/v HI FBS
+ 715nM B-mercaptoethanol) with the addition of 50ng/ml recombinant murine
macrophage colony stimulating factor (rM-CSF, eBioscience, CA, USA) at 37°C/ 5%
COz. After 3 days, an additional 10ml of BMDM media was added to the cells, which
were cultured for a further 4 days. On day 7, non-adherent cells and supernatants were
discarded, and the adherent cells were washed with saline, prior to being gently
harvested using a tissue culture scraper. The phenotype and purity of differentiated cells

was confirmed by flow cytometry (Section 2.5.3.1).

2.3.3.2 Cell culture of murine peritoneal macrophages

Primary murine peritoneal macrophages were isolated, via negative selection, from the
peritoneal lavages of mice using the Macrophage Isolation Kit (Peritoneum) Mouse
(Miltenyi Biotec), as per the manufacturer’s protocol. In brief, peritoneal lavage was
centrifuged (300xg; 10min) after collection and the cell pellet was resuspended in the
appropriate volume of autoMACS® RS + 0.05% MACs BSA Stock Solution (MACs
buffer) with the addition of the FcR Blocking Reagent and Macrophage (Peritoneum)
Biotin-Antibody Cocktail. After incubation (10min; 4°C), cells were washed with 1-
2ml of MACs buffer and centrifuged (300xg; 10min). The cell pellet was then
resuspended in MACs buffer with the addition of the Anti-Biotin Microbeads and
incubated for 15min at 4°C. After washing with 1-2ml of MACs buffer and
centrifugation (300xg; 10min), the cell pellet was resuspended in MACs buffer for
magnetic separation, using a Midi MACS™ separator and MACS® LS separation
column. The flow through fraction was collected and centrifuged (300xg; Smin) to
obtain a purified pellet of macrophages. The phenotype and purity of isolated murine

peritoneal macrophages was confirmed by flow cytometry (Section 2.5.3.1).
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2.3.3.3 Cell culture of murine T cells

Primary murine T cells were isolated, via negative selection, from the spleens of mice
using the Pan T Cell Isolation Kit Il Mouse (Miltenyi Biotec), as per the manufacturer’s
protocol. In brief, a spleen was separated into single cells by passage through a 70um
sieve with RPMI 1640 media. Cells were centrifuged (300xg; 10min), and the resultant
pellet was resuspended in the appropriate volume of MACs buffer with the addition of
the Biotin-Antibody Cocktail. After incubation (10min; 4°C), MACs buffer and Anti-
Biotin Microbeads were added and cells were further incubated (15min; 4°C). After
washing with 1-2ml of MACs buffer and centrifugation (300xg; 10min), the cell pellet
was resuspended in MACs buffer for magnetic separation, using a Midi MACS™
separator and MACS® LS separation column. The flow through fraction was collected

and centrifuged (300xg; Smin) to obtain a purified pellet of T cells. The phenotype and

purity of isolated peritoneal T cells was confirmed by flow cytometry (Section 2.5.3.2).

2.3.3.4 Cell culture of murine neutrophils

Primary murine neutrophils were isolated, via negative selection, from bone marrow of
mice using the murine Neutrophil Isolation Kit (Miltenyi Biotec), as per the
manufacturer’s protocol. In brief, bone marrow from mice was collected into RPMI
1640 media through aspiration with a needle and syringe. After centrifugation (300xg;
10min), the cell pellet was resuspended in the appropriate volume of MACs buffer with
the addition of the Neutrophil Biotin-Antibody cocktail. After incubation (10min; 4°C),
cells were washed with 10ml of MACs buffer and centrifuged (300xg; 10min). The cell
pellet was then resuspended in MACs buffer for magnetic separation, using a Midi
MACS™ separator and MACS® LS separation column. The flow through fraction was
collected and centrifuged (300xg; Smin) to obtain a purified pellet of neutrophils. The
phenotype and purity of isolated murine neutrophils was confirmed by flow cytometry

(Section 2.5.3.3).

2.3.3.5 Cell culture of primary murine bone marrow derived dendritic cells

Primary murine bone marrow derived DCs were isolated as previously described [226].
In brief, bone marrow from mice was collected into RPMI 1640 media through
aspiration with a needle and syringe. Then, 2 x 107 cells were plated in a volume of
10ml in bacterial grade petri dishes, and cultured in BMDM media with the addition of

murine recombinant granulocyte macrophage colony stimulating factor (rGM-CSF,
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Miltenyi Biotec) at 37°C/ 5% CO.. After 3 days, the culture media was replaced with a
fresh 10ml of BMDM media per dish without the addition of tGM-CSF, and cells were
cultured for a further 4 days. On day 7, non-adherent cells and supernatants were
discarded, and the adherent cells were washed with saline, prior to being gently
harvested using a tissue culture scraper. The phenotype and purity of differentiated cells

was confirmed by flow cytometry (Section 2.5.3.4).

2.3.3.6 Cell culture of human peripheral blood leukocytes

Human peripheral blood leukocytes were collected from human buffy coats (Australian
Red Cross). In brief, human buffy coats were diluted 1 in 3 with RPMI 1640 media and
centrifuged (400xg; Smin). The clear top layer (serum) was carefully transferred with
sterile pasteur pipettes into a new 15ml tube and centrifuged (400xg; Smin), with no
brake. The top layer of plasma was carefully discarded using a sterile pasteur pipette,
and the white cell layer (leukocyte population) above the red cell layer (erythrocytes)
was carefully placed into a new 15ml tube. The collected white cell layer was incubated
with red cell lysis buffer (Sigma-Aldrich) up to 15ml, for 3min at RT, and then
centrifuged (400xg; Smin). This step was repeated until most of the contaminating
erythrocytes were removed from the cell pellet. The leukocyte population was then
resuspended in PBS to appropriate concentrations for staining as described in Section

2.54.3.

2.3.4 Cell-lines
2.3.4.1 RAW 264.7 murine macrophages

RAW 264.7 macrophages were purchased from the American Type Culture Collection
(ATCC) and kept frozen in DMSO in liquid nitrogen (5 x 10° cells /ml). One week prior
to experimental use, a single vial of stock was thawed, and cells were seeded into a T75
flask in R10 media (RPMI 1640 media + 10% v/v HI FBS), and maintained at 37°C/
5% CO;. Cells were grown to 80% confluency. At this point (which occurred
approximately every third day of culturing), adherent cells were washed twice with
sterile Bx saline, and then harvested by incubation with TrypLE (5ml, 20min at 37°C/
5% COg2; Thermo Fisher Scientific). An equivalent volume of R10 was added to stop
the trypsin activity of the TrypLE, and then cells were collected using a cell scraper.
Cells were centrifuged (300xg; Smin), and the resultant cell pellet was resuspended in

R10 media. The cells were split 1 in 10 with R10 media and maintained with a total
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volume of 20ml of R10 media per T75 flask. Cells were grown for at least 2-3 passages

prior to experimental use, and only used between passages 3 and 18.

2.3.4.2 Baby Hamster Kidney cells with high or low Epidermal Growth Factor Receptor

expression
Two clones of Baby Hamster Kidney (BHK) cells transfected to express differential

levels of Epidermal Growth Factor Receptor (EGFR) were kindly donated by Prof.
Valerius (Christian-Albrechts-University and University Hospital Schleswig-Holstein,
Germany) and were kept frozen in DMSO in liquid nitrogen (5 x 10° cells/ml). One
week prior to experimental use, a single vial of stock was thawed and seeded into a T75
flask in R10 and 5% Pen/Strep media (37°C/ 5% CO.). For BHK cells with high EGFR
expression, the media was supplemented with 1mg/ml Geneticin (Life Technologies)
to maintain the selective pressure required for EGFR expression. When 80% confluent,
cells were harvested using TrypLE (5ml; Thermo Fisher Scientific) for 1min (37°C/ 5%
COy). Cells were then collected by centrifugation (300xg; Smin) and the resultant pellet
was resuspended in R10 media alone (low EGFR expression) or R10 media with
Geneticin (high EGFR expression). Cells were split twice a week, at a ratio between 1
in 5 and 1 in 10 with appropriate media, according to the cell confluency as observed
by microscopy. The expression of EGFR on both cell lines was confirmed by flow

cytometry (Section 2.5.3.5).

47



2.4 Functional assays

2.4.1 Cytokine assays

2.4.1.1 Treatment of murine primary bone-marrow derived macrophages, RAW 264.7

macrophages and murine neutrophils

FhHDM-1, and its derivative peptides, were resuspended initially in a small volume of
saline, and then further resuspended in BMDM or R10 media (to various concentrations
as required) for addition to BMDMs or RAW 264.7 macrophages, respectively (1 x 10°
cells/ml in 96 well TC plates), and incubated for 1h (37°C/ 5% CO.). For experiments
using murine neutrophils, FKRHDM-1 was resuspended initially in a small volume of
saline, and then further resuspended in BMDM media (to various concentrations as
required), for addition to neutrophils (4 x 10° cells/ml in 96 well TC plates), and
incubated for 30min (37°C/ 5% COz). Negative control samples were treated with saline

and the appropriate media.

2.4.1.2 Intraperitoneal injection of FhHDM-1

BALB/c mice received 100ul of FRHDM-1 in saline (0.1mg/ml), via intraperitoneal
(i.p.) injection every second day, for a total of 6 injections. Twenty four hours after the
last injection, mice were euthanased (as described in Section 2.3.2) and peritoneal
macrophages were collected by lavage (Section 2.3.3.2). Peritoneal macrophages were
plated on 96 well TC plates, at cell densities normalised to the sample that contained

the lowest number of cells.

2.4.1.3 Stimulation of murine primary bone-marrow derived macrophages, RAW 264.7

macrophages, murine peritoneal macrophages, and murine neutrophils

Untreated or peptide treated BMDMs and RAW 264.7 macrophages were stimulated
with LPS (10ng/ml) O/N (37°C/ 5% CO»), after which time supernatants were collected
for the assay of TNF, and other cytokines and chemokines (as detected on the multiplex).
For the detection of IFN-f, supernatants from LPS stimulated BMDMs were collected
at 3h (37°C/ 5% CO3). Supernatants from untreated or peptide treated BMDMs and
peritoneal macrophages stimulated with Poly (I:C) (20pg/ml) were collected after an

O/N incubation (37°C/ 5% CO3). Supernatants from murine neutrophils, untreated or
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treated with FhHDM-1, were collected after a 4h stimulation with LPS (100ng/ml;
37°C/ 5% CO»).

For experiments to determine the effect of FnHDM-1, and peptide derivatives, on
‘washed’ cells; peptides were incubated with cells, which were then washed with saline

twice, prior to stimulation with the appropriate ligands.

2.4.1.4 Cytokine assay of stimulated murine primary bone-marrow derived

macrophages, RAW 264.7 macrophages, murine peritoneal macrophages, and murine

neutrophils

Supernatants from stimulated murine macrophages and neutrophils were assayed for
TNF (BD Biosciences) or IFN-B (PBL Assay Science, NJ, USA) secretion using ELISA
kits, as per the manufacturer’s instructions. In brief, 96 well Nunc Maxisorp™ plates
(Thermo Fisher Scientific) were coated with the kit capture antibody (unless plates were
supplied pre-coated), provided by the manufacturer. Supernatants, diluted with
blocking buffer (PBS + 10% v/v HI FBS) at 1:5 (for TNF assays) or at neat (for I[FN-3
assays), were incubated for 2h or 1h (for TNF and IFN- determination, respectively)
at RT. A standard curve was generated using the standard samples provided in the kits.
After washing three times with PBS + 0.05% v/v Tween 20 (PBS/T), the wells were
incubated with the detection antibody (1h, RT). After three washes with PBS/T,
streptavidin-horse radish peroxidase antibody was added and the 96-well plate was
incubated for 1h at RT. The TMB substrate was added to wells and colour development
was stopped by the addition of 85% phosphoric acid (Sigma-Aldrich). The optical
density (OD) was read at 425nm using the Infinite 200 Pro Tecan spectrophotometer
(Tecan, Switzerland). Data was plotted as pg/ml or as percentages, where the amounts
of cytokine produced by LPS or Poly (I:C)-only stimulated cells were adjusted to 100%.
Dose curves were then produced by conducting non-linear regression analysis on

GraphPad Prism software (GraphPad, CA, USA), and EC50s were calculated.

2.4.1.5 Multiplex assay of cytokines and chemokines from stimulated RAW 264.7

macrophages and murine neutrophils

For the assessment of the effect of FhHDM-1 and FhHDM-1.C2 on stimulated RAW

264.7 macrophages and murine neutrophils, cytokine and chemokine production (Table

2.1) was assessed using a Bio-Plex Pro Mouse Cytokine 23-Plex Immunoassay kit (Bio-
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Rad Laboratories, CA, USA), according to the manufacturer’s instructions. In brief,
standards and beads were re-constituted in the supplied sample diluent. Cell
supernatants were centrifuged (1,000xg; 15min; 4°C), to remove any cellular debris,
diluted 1:4 with the provided blocking buffer, and added to the Bio-Plex plate. The plate
was sealed, briefly shaken on an orbital plate shaker (130xg; 30sec), and incubated for
30min. The plate was then washed three times, with shaking (130xg; 30sec), prior to
addition of detection antibodies, after which the plate was sealed and shaken (130xg;
30sec), and then incubated for 30min. The plate was again washed, prior to incubation
with streptavidin conjugated to PE, with the plate sealed, and shaken (130xg; 30sec) for
a 10min incubation, whilst protected from light. After the final wash, the samples were
resuspended with the provided buffer and the plate was sealed and shaken at 130xg for
30sec, prior to taking readings on the Bio-Rad Bio-Plex 200 array reader for the
detection of PE fluorescence. Data was converted to percentages, where the amount of

cytokine produced by LPS-only stimulated cells was adjusted to 100%.

Table 2.1 Cytokines and chemokines detected by multiplex

Th1/Th17 cytokines Th2/Treg cytokines Chemokines
L-la IL-4 Eotaxin
IL-1B IL-5 KC

IL-2 IL-13 MCP-1
IL-3 MIP-1a
IL-6 MIP-1p3
IL-9 RANTES
IL-12(p40)
IL-12(p70)
IL-17A
G-CSF
GM-CSF
IFN-y
TNF
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2.4.1.6 Effect of FhHDM-1 and FhHDM-1.C2 on Thl cytokine production by

macrophages
BMDMs (5 x 10° cells/ml) in 96 well TC plates were treated with FhnHDM-1 or

FhHDM-1.C2 (15uM) for 1h (37°C/ 5% COx). Cells were then washed with saline twice,
prior to co-culture with T cells (1:1), and purified NA/LE Hamster anti-mouse CD3
antibody (Cat. no: 553057; BD Biosciences) at a concentration of 0.05pg/ml or 1pg/ml
for 48h (37°C/ 5% CO2). For experiments assessing cell-cell contact between
macrophages and T cells, the supernatant from BMDMSs untreated or treated with
peptides were collected, filtered through a 0.45um sterile filter, and added to fresh
BMDMs with T cells and anti-CD3 antibody. The supernatants were collected and IFN-
vy was quantified using a mouse IFN-y ELISA kit (BD Biosciences), as described in
Section 2.4.1.4.

2.4.2 Cytotoxicity assays
2.4.2.1 Assessment of FhHDM-1 and peptide derivative cytotoxicity on RAW 264.7

macrophages
The release of lactate dehydrogenase (LDH) into the supernatant by cells treated with

peptides was detected by a LDH non-cytotoxic assay (Promega, Wisconsin, USA). In
brief, RAW 264.7 macrophages (1 x 10° cells/ml) were seeded onto a 96 well TC plate
in R10 media and allowed to adhere O/N (37°C/ 5% COz). Media was replaced prior to
incubation with FhRHDM-1 and FhRHDM.C2 (at various concentrations), diluted in an
initial small volume of saline, and then resuspended in R10. The untreated cells
received media alone, saline or DMSO, and all cells were incubated for 1h (37°C/5%
COz). As a positive control for 100% cellular death, RAW 264.7 macrophages were
lysed with a detergent provided in the LDH assay kit (37°C/5% CQO>). After incubation,
50uL of the cell supernatants were incubated with 50uL of substrate reagent for 10-
30min at RT, protected from light. Then, S0uL of the provided stop solution was added
to prevent any further colour development. Absorbance of samples were read within 1h
at 490nm using the Infinite 200 Pro Tecan spectrophotometer. The percentage of cell
death induced by peptides was calculated as compared to the cells treated with lysis

buffer, which was adjusted 100% cell death.
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2.4.3 Phagocytosis assays
2.4.3.1 Assessing the effect of FhHDM-1 on the ability of murine neutrophils to

phagocytose E. coli particles

Murine neutrophils were assessed for the phagocytosis of E. coli particles (enzyme-
labelled, fixation inactivated E. coli) in the presence of FlHDM-1 using the CytoSelect
96 well phagocytosis assay (E.coli substrate; Cell Biolabs, Inc., CA, USA), according
to the manufacturer’s instructions. In brief, murine neutrophils (1 x 10° cells/ml) in 96
well TC plates were incubated with FhHDM-1 (at various concentrations) or
Cytochalasin D (2uM; Sigma-Aldrich) for 30min (37°C/ 5% CO>), or pre-stimulated
with LPS (100ng/ml) for 30min (37°C/ 5% CO), prior to peptide incubation. Then, the
E. coli suspension was added to the cells and incubated for 3h (37°C/ 5% CO3). The
culture supernatant was then removed by centrifugation (300xg; Smin) and the cells
were washed with ice cold 1 x PBS. The cells were then fixed with the provided fixing
solution, washed twice, then blocked with the provided blocking solution for 30min at
RT. After further washing, the cells were permeabilised by the provided
permeabilisation solution and washed. The provided substrate solution was then added,
and the cells were incubated for 10min at RT. Colour development was stopped by
addition of a stopping solution, and the absorbance values were read at 450nm using
the Infinite 200 Pro Tecan spectrophotometer. The percentage of E. coli uptake was
calculated as compared to the cells incubated only with E. coli particles, which was

adjusted to 100% phagocytosis.
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2.5 Flow cytometry

All incubations of cells with fluorescently-labelled peptides or fluorescent antibodies

were conducted on ice (4°C) and protected from light, inside 1.5ml microtubes, unless

stated otherwise.

2.5.1 General flow cytometry reagents and materials

Dead cell stains, Sytox Blue and TOPRO-3, were supplied by Thermo Fisher Scientific;

Falcon 5ml polystyrene round-bottom tubes (FACs tubes) were supplied by Corning;

and synthetic 70um mesh was supplied by Sefar Pty Ltd (NSW, Australia). The general

washing and running buffer (FSW) used for flow cytometry experiments was 1 x PBS

+ 1% w/v BSA + 2% v/v HI FBS + 0.1% sodium azide (FACs Stain Wash, FSW).

Table 2.2 Antibodies used in flow cytometry experiments

Antibody

Clone

Isotype

Supplier

Purified Rat Anti-
MouseCD16/CD32 (Mouse
BD Fc block)

2.4G2

BD Biosciences

Anti-human CD3 FITC

SK7 (or Leu-4)

Mouse IgG1,

BD Biosciences

Anti-human CD14 Pacific TiK4 Mouse IgG2a Invitrogen
Blue

Anti-human CD16 FITC 3G8 Mouse IgG1, k | BD Biosciences
Anti-human CD19 Pacific SJ25-C1 Mouse 1gG1, Invitrogen
Blue

Anti-human CD56 PE-Cy7 B159 Mouse IgG1, x | BD Biosciences
Anti-human CD123 PE 9F5 Mouse IgG1, k | BD Biosciences
Anti-human HLA-DR V450 L243 Mouse IgG2a, k | BD Biosciences

Lineage Cocktail 1 (lin 1)
(CD3, CD14, CDl16, CDI19,
CD20, CD56) FITC

SJ25C1 (or SJ25-C1)
NCAM16.2 (or NCAM 16)
L27
SK7 (or Leu-4)
M@P9 (or M@P-9)

Mouse IgG1, «
Mouse 1gG2b,
Mouse IgG1, «
Mouse IgG1, «
Mouse I1gG2b, «

BD Biosciences

L27 Mouse IgG1,

3G8 Mouse IgG1,
IgG from human serum - - Sigma-Aldrich
Anti-mouse CD3 PE 17A2 Rat IgG2b, « BD Biosciences
Anti-mouse CD11b APC M1/70 Rat IgG2b, BD Biosciences
Anti-mouse CD11b PE M1/70 Rat IgG2b, BD Biosciences
Anti-mouse CD11c APC-Cy7 HL3 Hamster IgG1, | BD Biosciences

A2

Anti-mouse CD62L PE-Cy7 MEL-14 Rat IgG2a, « BD Biosciences
Anti-mouse CD80 PE 16-10A1 Hamster IgG2, « | BD Biosciences
Anti-mouse CD86 FITC GLI1 Rat 1gG2a, « BD Biosciences
Anti-mouse EGFR  Alexa EP38Y IgG Abcam |
Fluor 488 Cont
Anti-mouse F4/80 PE BM& Rat IgG2a, x eBioscience
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Anti-mouse Ly6G FITC 1A8 Rat IgG2a, « BD Biosciences
Anti-mouse [-A/I-E (MHC II) M5/114.15.2 Rat IgG2b, BD Biosciences
Alexa Fluor 488

Hamster IgG2, k PE B81-3 Hamster 1gG2, k | BD Biosciences
Rat IgG APC A95-1 Rat IgG2b, BD Biosciences
Rat IgG FITC R35-95 Rat IgG2a, « BD Biosciences
Rat IgG PE-Cy7 R35-95 Rat IgG2a, « BD Biosciences

CD: cluster of differentiation; FITC: Fluorescein isothiocyanate; PE-Cy7: R-phycoerythrin Cyanine 7; PE: R-
phycoerythrin; Lin-1: anti-human Lineage cocktail; APC: Allophycocyanin; APC-Cy7: Allophycocyanin Cyanine
7; HLA-DR: Human Leukocyte Antigen- antigen D Related; MHC II: Major Histocompatibility Complex Class I1

2.5.2 Standard flow cytometry staining protocol

Isolated cells were placed into 1.5ml microtubes and initially incubated with mouse BD
Fc block (BD Biosciences) for Smin at RT to prevent any non-specific binding of
antibodies. The cells were then incubated with the appropriate antibody at 4°C for
30min, protected from light. The cells were washed with 700ul of ice cold FSW to
remove unbound antibodies and centrifuged via a pulse spin (<10,000xg; 6sec, repeated
twice). The supernatant was removed and the wash with pulse spin was repeated. Cells
were then resuspended in 500ul FSW and strained through synthetic mesh (for the
dispersion of cells into a single cell suspension) into FACs tubes immediately prior to
acquiring on either the BD LSR-II flow cytometer or BD LSR-Fortessa™ X-20 flow
cytometer. Sytox blue or TOPRO-3 dyes (0.5ul of 1 in 10 diluted dyes) were added per

500ul sample, just prior to acquisition, for the detection of any dead cells.

2.5.3 Assessment of purity of cell populations via flow cytometry

2.5.3.1 Assessing purity of primary murine macrophages

To confirm the derivation of primary murine BMDMs and the isolation of peritoneal
macrophages, the cells were stained for CD11b and F4/80, respectively. As per the
general protocol from Section 2.5.2, collected cells from Section 2.3.3 (BMDMs) and
2.3.4 (peritoneal macrophages) were blocked and stained with either anti-mouse CD11b
PE and anti-mouse F4/80 PE antibodies (Table 2.2). Macrophages were washed to
remove unbound antibodies, and data were acquired on the flow cytometer. Cell
populations, >90% positive for CD11b and >95% positive for F4/80 were recorded (Fig.
2.1 and 2.2, respectively), verifying that near pure populations of murine BMDMs and

peritoneal macrophages were obtained.
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Figure 2.1 Assessment of the purity of primary murine bone marrow derived
macrophages isolated by differentiation with M-CSF. Macrophages were derived
from bone marrow using M-CSF. Cells were stained with an antibody against CD11b
to determine the purity of macrophage populations. Plots show (A) unstained and (B)
stained macrophage samples. The purity obtained was always in excess of 90%.
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Figure 2.2 Assessment of the purity of primary murine peritoneal macrophages
isolated by negative microbead selection. Macrophages were isolated from peritoneal
lavages by negative microbead selection. Cells were stained with an antibody against
F4/80 for assessment of macrophage purity. Plots show (A) unstained and (B) stained
macrophage samples. The purity obtained was always in excess of 95%.
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2.5.3.2 Assessing purity of primary murine T cells

To confirm the isolation of primary murine T cells, the cells were stained for CD3. As
per the general protocol from Section 2.5.2, collected cells from Section 2.3.5 were
blocked and stained with anti-mouse CD3 PE antibody (Table 2.2). Unbound antibodies
were removed by washing and data were acquired on the flow cytometer. A cell
population >95% positive for CD3 was recorded (Fig. 2.3), verifying that a near pure

population of murine T cells was obtained.
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Figure 2.3 Assessment of the purity of primary murine T cells obtained by CD3
microbead isolation. T cells were isolated from spleen by CD3 microbead isolation.
Cells were stained with an antibody against CD3 for assessment of T cell purity. These
plots show (A) unstained and (B) stained T cells samples. The purity obtained was
always in excess of 95%.
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2.5.3.3 Assessing purity of primary murine neutrophils

To confirm the isolation of murine neutrophils, the cells were stained for CD11b and
CD62L surface markers. As per the general protocol from Section 2.5.2, collected cells
from Section 2.3.6 were blocked and stained with anti-mouse CD11b APC and anti-
mouse Ly6G FITC antibodies (Table 2.2). Unbound antibodies were removed by
washing and data were acquired on the flow cytometer. A cell population >90% positive
for CD11b and Ly6G was recorded (Fig. 2.4) showing that a pure population of murine

neutrophils was obtained.
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Figure 2.4 Assessment of the purity of primary murine neutrophils isolated by
negative microbead selection. Neutrophils were isolated from bone marrow using
negative microbead selection. Cells were stained with antibodies against CD11b and
Ly6G for assessment of neutrophil purity. Plots show (A) unstained and (B) stained
neutrophil samples. The purity obtained was always in excess of 90%.
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2.5.3.4 Assessing purity of primary murine dendritic cells

To confirm the isolation of murine DCs, the cells were stained for CD11c. As per the
general protocol from Section 2.5.2, collected cells (Section 2.3.3.5) were blocked and
stained with anti-mouse CD11¢c APC-Cy™7 and Anti-mouse Ly6G FITC antibodies
(Table 2.2). An antibody against the Ly6G surface marker (specific for neutrophils) was
included to ensure that there were no neutrophils obtained from the differentiation
process. Unbound antibodies were removed by washing, and data were acquired on the
flow cytometer. Approximately 88% of cells were CD11¢"/Ly6G™ (Fig. 2.5), verifying

that a near pure population of murine DCs was obtained.
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Figure 2.5 Assessment of the purity of primary murine dendritic cells isolated by
differentiation with GM-CSF. Dendritic cells (DCs) were derived from bone marrow
using GM-CSF. Cells were stained with antibodies against CD11c¢ and Ly6G for
assessment of DC purity. These plots show (A) unstained and (B) stained neutrophil
samples. The purity obtained was always approximately 90%.
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2.5.3.5 Assessing the surface expression of EGFR on BHK cells

To confirm the high or low expression of EGFR on BHK cells, collected cells (Section
2.3.8) were resuspended in PBS (1 x 10° cells/ml), and the FVS780 viability dye (BD
Biosciences) was added (IpL per 1 x 10° cells of cells). Cells were vortexed
immediately, and then incubated for 45min at RT protected from light. Cells were
washed with FSW with pulse centrifugation (<10,000x; 6 sec, repeated twice; PCI).
After aliquoting 2 x 10° cells per 1.5ml microtube, the cells were resuspended in 1ml of
ice cold MeOH (80% v/v; Sigma-Aldrich) for Smin at -20°C. Cells were again collected
by centrifugation (<10,000xg; 6 sec, repeated twice, then 500xg for Smin; PC2), and
washed with 500ul of PBS with centrifugation (PC2) twice. Cell pellets were then
resuspended in 1ml of PBS + 0.1%v/v Tween 20, and incubated for 20min at RT to
enable cell permeabilisation. After centrifugation (PC2) and two washes with FSW and
centrifugation (PC2), cells were resuspended in 50uL of staining buffer (PBS + 10%v/v
normal goat serum + 0.3M glycine; SB) for 15min at RT. Cells were then incubated
with either 50ul of anti-mouse EGFR Alexa Fluor 488 antibody (Abcam, Cambridge,
UK) diluted 1:25 in SB, or anti-mouse MHCII Alexa Fluor 488 antibody (Table 2.2)
diluted 1:25 in SB as an isotype control, and incubated, protected from light, for 30min
at RT. Cells were then washed with 500ul of FSW, centrifuged (PC2) twice and
resuspended in 350uL FSW and strained through mesh into FACs tubes immediately

prior to data acquisition on the flow cytometer (Fig. 2.6).
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Figure 2.6 Assessment of the expression of EGFR on BHK cells expressing low or
high EGFR levels. Baby Hamster Kidney (BHK) cells expressing low or high EGFR
levels were stained for EGFR. Alexa Fluor 488 anti-EGFR (black line) and Alexa Fluor
488 anti-MHC II (isotype control, black dotted line) antibodies were used to determine
EGFR expression on (A) EGFR low and (B) EGFR high expressing BHK cells. The
grey histogram represents the unstained control.
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2.5.4 Assessment of FhHDM-1 and peptide derivative binding with animal and
human cell populations

2.5.4.1 Assessing the interaction of Alexa Fluor 488 labelled FhHDM-1 and FhHDM-
1.C2 peptides with BMDMs, RAW 264.7 macrophages, BHK cells and murine

neutrophils
BMDMs, RAW 264.7 macrophages, or BHK cells (I x 10° cells/ml) in 1.5ml

microtubes were incubated with 100ul of Alexa Fluor 488 labelled FhHDM-1 or
FhHDM-1.C2 peptides in PBS (2.5uM) at 4°C for 30min, protected from light. Murine
neutrophils (1 x 10° cells/ml) in 1.5ml microtubes were incubated with Alexa Fluor 488
labelled FhnHDM-1 (5uM) for 30min at 4°C, protected from light. Cells were washed

and data were acquired on the flow cytometer as per the general protocol (Section 2.5.2).

2.5.4.2 Assessing the interaction of biotin-labelled FhHDM-1.C1 and FhHDM-1.C2

peptides with RAW 264.7 macrophages

RAW 264.7 macrophages (1 x 10° cells/ml) plated in a 6 well TC plate were incubated
with 1ml of biotin-labelled FhHDM-1.C1 or FhRHDM-1.C2 peptides in saline (5uM) at
4°C for 30min, protected from light. Cells were washed twice with saline and collected
into 1.5ml microtubes. The cells were pelleted by centrifugation (300xg; Smin) and
resuspended in 100pl of PBS with 1 in 200 diluted Alexa Fluor 488 labelled streptavidin
(Life Technologies). The cells were incubated at 4°C for 30min, protected from light,
prior to washing and acquisition on the flow cytometer, as per the general protocol

(Section 2.5.2).

2.5.4.3 Assessing the interaction of Alexa Fluor 647 labelled FhHDM-1 with human

peripheral blood leukocytes
To assess the interaction of FhHDM-1 with human cells, Alexa Fluor 647 labelled
FhHDM-1 was incubated with human peripheral blood leukocytes (Section 2.3.9). In

brief, 4 x 10° cells in 1.5ml microtubes were incubated with either 20pug/ml of Alexa
Fluor 647 labelled FnHDM-1 for 1h at 4°C. Then, 50 pg/ml of IgG from human serum
(20pul; Sigma-Aldrich) was added on top of each sample, and cells were incubated for
10min at 4°C. Cells were then split into appropriate 1.5ml microtubes to be incubated
with 80ul of master mixes containing the specific fluorochrome-conjugated antibodies
for 30min at 4°C. Four master mixes of antibodies were created to identify four different

panels of cell populations, according to Table 2.3, adjusted to a total volume of 400ul
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with FSW. Cells were then washed twice with FSW, and resuspended for data
acquisition via flow cytometry, as per the general protocol (Section 2.5.2). The cell
gating strategy for the identification of B cells, T cells, natural killer (NK) cells,
monocytes, neutrophils, eosinophils, DCs, and basophils from human peripheral blood

leukocytes is described in Section 2.5.4.4.

Table 2.3 Antibody master mixes for identification of individual human peripheral

blood leukocyte populations

Volume of Total volume
Panel Cell population Surface | Antibody antibod Volume of (all
ane pop marker colour | y FSW (nl) antibodies +
(ul) FSW; pl)
Pacific
B cells CD19+ Blue 60
! T cells CD3+ | FITC | 120 160 400
NK cells CD56+ | PE-Cy7 60
2 Monocytes | CD14+ | Facific | s, 370 400
blue
Neutrophils CD16+
3 FITC 120 280 400
Eosinophils CD16 —
Other cell =) o 14| FiTe 120
populations
4 HLA- 130 400
DCs DR V450 30
Basophils CDI123+ PE 120

FSW: FACs Stain Wash; NK cells: Natural Killer cells; CD: cluster of differentiation; FITC:
Fluorescein isothiocyanate; PE-Cy7: R-phycoerythrin Cyanine 7; Lin-1: anti-human Lineage
cocktail; DCs: Dendritic cells; HLA-DR: Human Leukocyte Antigen- antigen D Related; PE: R-
phycoerythrin; +/- denotes presence and absence of surface markers respectively.
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2.5.4.4 Gating strategy for the identification of human peripheral blood leukocytes

The gating strategy for the identification of individual cell types within human
peripheral blood leukocyte populations initially involved gating based on size (forward

scatter) and granularity (side scatter), as detailed in Figure 2.7.

Subsequent identification (Fig. 2.8-2.11), utilised antibodies that bound to specific
surface markers: anti-CD19 for B cells, anti-CD3 for T cells, anti-CD56 for NK cells,
anti-CD14 for monocytes, and anti-CD16 for neutrophils [227, 228]. Eosinophils were
distinguished by their lack of CD16 [229]. DCs and basophils do not have a
distinguishable sole surface marker, however, an antibody cocktail of all the other
surface markers (CD3, CD14, CD16, and CD56) was used to negatively gate for DCs
and basophils, and these cells were further distinguished by HLA-DR and CD123
expression, where DCs were positive for both [228], and basophils were HLA-DR™ and
CD123" [230].

For each assay, an unstained sample of peripheral blood leukocytes was included to
ensure that any detection of surface marker expression was the result of a specific
interaction with the antibody, rather than non-specific binding. Within each donor
sample, the percentages of each cell population were recorded and compared to the
percentages reported in the literature. The values obtained corroborated the previously
reported reference percentage ranges, which further confirmed the successful

identification of the specific cell populations.
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Figure 2.7 Human peripheral blood leukocyte populations were identified using
differential surface markers by flow cytometry. Human peripheral blood leukocytes
can initially be categorised into three groups of cell types depending upon their forward
(size) and side (granularity) scatter profiles. B and T lymphocytes and natural killer
(NK) cells are small in size and low in granularity. Monocytes are large in size and low
in granularity. Neutrophils and eosinophils are high in granularity. Dendritic cells
(DCs) and basophils are difficult to distinguish with forward and side scatter profiles
alone. Leukocytes can be further distinguished by the presence/absence of surface
markers. B cells are CD19 positive; T cells are CD3 positive; NK cells are CD56
positive; monocytes are CD14 positive; neutrophils are CD16 positive, and eosinophils
are CD16 negative. DCs and basophils were negatively gated for all of these surface
markers and distinguished by the fact that DCs are positive for both HLA-DR and
CD123, whilst basophils are HLA-DR positive and CD123 negative. + and — denotes
positive and negative, respectively. Adapted from [231].
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Figure 2.8 Human B- and T- lymphocytes and natural Killer cells were identified
by flow cytometry. (A) The lymphocyte population was initially determined by their
forward (FSC-A) and side (SSC-A) scatter profiles. The percentage denotes the
percentage of lymphocytes in the leukocyte population. (B) A single cell population of
these lymphocytes was obtained by gating for FSC-A and forward scatter height (FSC-
H) profile. (C, D) B- and T-lymphocytes and natural killer (NK) cells were further
distinguished by presence of CD19, CD3 and CD56 surface markers, respectively.
(E,F) Unstained controls. The percentages denote the percentage of B- and T-
lymphocytes and NK cells within the single cell lymphocyte population. The x and y
axes for (A) and (B) are cell counts; whilst for (C-F), the axes represent fluorescence
intensities. This plot is representative of 4 independent experiments.
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Figure 2.9 Human monocytes were identified by flow cytometry. (A) The monocyte
population was initially determined by their forward (FSC-A) and side (SSC-A) scatter
profiles. The percentage denotes the percentage of monocytes in the leukocyte
population. (B) A single cell population of these monocytes was obtained by gating for
FSC-A and forward scatter height (FSC-H) profile. (C) Monocytes were further
confirmed by the presence of CD14. (D) Unstained control. The percentages denote the
percentage of monocytes in the single cell population. The x and y axes for (A) and (B)
are cell counts; whilst for (C) and (D), the axes represent fluorescence intensities. This
plot is representative of 4 independent experiments.
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Figure 2.10 Human neutrophils and eosinophils were identified by flow cytometry.
(A) The granulocyte population was initially identified on the basis of forward (FSC-
A) and side (SSC-A) scatter profiles. The percentage denotes the percentage of
granulocytes in the leukocyte population. (B) A single cell population of these
granulocytes was obtained by gating for FSC-A and forward scatter height (FSC-H)
profile. (C) Neutrophils and eosinophils were further confirmed by the presence or
absence of CD16, respectively. (D) Unstained control. The percentages denote the
percentage of neutrophils and eosinophils in the single cell population. The x and y axes
for (A) and (B) are cell counts; whilst for (C) and (D), the axes represent fluorescence

intensities. This plot is representative of 4 independent experiments.
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Figure 2.11 Human dendritic cells and basophils were identified by flow cytometry.
(A) The main leukocyte population was gated based on forward (FSC-A) and side
(SSC-A) scatter profiles. (B) A single cell population of these granulocytes was
obtained by gating for FSC-A and forward scatter height (FSC-H) profile. (C) A lineage
negative (Lin -ve) gating was used to exclude cells positive for CD3, CD14, CD16,
CD19 and CD56. (D) Dendritic cells (DCs) and basophils were further confirmed by
the presence of CD123, with DCs being further positive and basophils negative for
HLA-DR, respectively. (E,F) Unstained control. The percentages denote the percentage
of DCs and basophils in the Lin -ve gate. The x and y axes for (A) and (B) are cell
counts; whilst for (C-F), the axes represent fluorescence intensities. This plot is
representative of 4 independent experiments.
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2.5.5 Assessment of cellular functions via flow cytometry

2.5.5.1 Assessing the effect of FhHDM-1 and peptide derivatives on murine

macrophage viability

The uptake of TOPRO-3 dye, which labels cells with compromised membrane integrity,
was used to determine cell viability. In brief, RAW 264.7 macrophages (1 x 10°
cells/ml) were suspended in cold PBS. Then, 500l samples were strained through mesh
and placed in FACS tubes. After the addition of 1uL of 1 in 10 diluted TOPRO-3 dye,
cells were analysed on the flow cytometer for 6000msec. Cells were then treated with
peptides, FhHDM-1 or FhHDM.C2 (20uM), diluted in saline, and data were further
acquired on the flow cytometer for a total of 28000msec. The uptake of TOPRO-3 was

detected as an increase in red fluorescence, using the 660/40nm filter.

2.5.5.2 Assessing the effect of FhWHDM-1 and FhHDM-1.C2 on murine macrophage

lysosomal pH

The assessment of change in murine macrophage lysosomal pH by FhHDM-1 and
FhHDM-1.C2 was detected using Lysosensor dye (Life Technologies). In brief, RAW
264.7 macrophages (1 x 10° cells/ml) in 12 well TC plates were incubated with
FhHDM-1 or FKRHDM-1.C2 (15uM) for 30min at (37°C/ 5% CO3), then washed twice
with saline, prior to incubation with Lysosensor dye (S5uM) for Smin (37°C/ 5% CO»).
The cells were then washed with FSW, to remove any excess Lysosensor dye,
resuspended in 500ul FSW, and then dispersed by passage through mesh into FACs
tubes for flow cytometric analysis. An increase in lysosomal pH was detected as an

increase in blue fluorescence, detected using the 450/50nm filter.

2.5.5.3 Assessing the effect of FhHDM-1 on murine neutrophil phagocytosis of

Ovalbumin particles

The effect of FhAHDM-1 on neutrophil phagocytosis of Ovalbumin particles was
conducted using Alexa Fluor 488 labelled Ovalbumin (Life Technologies). In brief,
murine neutrophils (1 x 10° cells/ml) in 1.5ml microtubes were incubated with FhHDM-
1 (10uM) for 30min (37°C/ 5% COz). Cells were then incubated with Alexa Fluor 488
labelled Ovalbumin (10pg/ml) for 1h (37°C/ 5% COs.), or further stimulated with LPS
(1pg/ml) for 1h (37°C/ 5% COz) prior to Ovalbumin incubation. Cells were then washed
with FSW, passaged through a mesh into FACs tubes, and analysed by flow cytometry.
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2.5.5.4 Assessing the effect of FhRHDM-1 on the expression of murine neutrophil surface

markers

To assess the effect of FnHDM-1 on the expression of murine neutrophil surface
markers, the levels of CD11b and CD62L were determined. In brief, murine neutrophils
(1 x 10° cells/ml) in 1.5ml microtubes were incubated with FRHDM-1 (10uM) for
30min (37°C/ 5% CO2), and then stimulated with phorbol myristate acetate (PMA,
100ng/ml; Sigma-Aldrich); or incubated with FRHDM-1 (5uM) for 30min (37°C/ 5%
CO3), washed twice with saline prior to stimulation with LPS (1pg/ml) for 1h (37°C/
5% CO2). As per the general protocol (Section 2.5.2), the cells were blocked and stained
with anti-mouse CD11b APC and anti-mouse CD62L antibodies PE-Cy7 (Table 2.2).
Rat IgG APC and rat IgG PE-Cy7 antibodies (Table 2.2) were used as isotype controls.
Unbound antibodies were removed by washing and the cells were analysed on the flow

cytometer.

2.5.5.5 Assessing the effect of FhHDM-1 treated murine neutrophils on murine

dendpritic cell activation

To assess the effect of FKHDM-1 on murine DC activation via murine neutrophils, the
expression levels of CD80 and CD86 surface markers were detected. In brief, murine
neutrophils (2 x 10° cells/ml) in 15ml conical tubes were incubated with FnHDM-1
(10uM) for 30min (37°C/ 5% CO»), prior to stimulation with LPS (1pug/ml) for 1h, or
the combination of murine recombinant TNF (10ng/ml; Sigma Aldrich) for 20min and
then LPS (37°C/ 5% CO3). Neutrophils were washed five times with saline (with
centrifugation [300xg; Smin] to collect cells) prior to incubation with primary bone
marrow derived DCs (1:1) for 16h in a 24 well TC plate (37°C/ 5% CO»). After the
incubation, cells were then blocked and stained anti-mouse CD80 PE and anti-mouse
CD86 FITC antibodies (Table 2.2), as per the general protocol (Section 2.5.2). Hamster
IgG2, « PE and rat IgG FITC antibodies (Table 2.2) were used as isotype controls.
Unbound antibodies were removed by washing, and the cells were analysed on the flow

cytometer.

2.5.6 Flow cytometry instrumentation and data analysis
For all flow cytometry experiments, either the BD LSR-II flow cytometer or BD LSR-
Fortessa™ X-20 flow cytometer was used, with BD FACs DIVA software for

acquisition of samples. Data analysis of flow cytometry experiments were conducted
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using FCS Express 4 Research Edition (De Novo, CA, USA) or FlowJo (FlowJo LLC,
Oregon, USA).
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2.6 Microscopy

2.6.1 Standard microscopy staining protocol

Cells were seeded onto 10mm Fluorodish cell culture dishes (World Precision
Instruments, Florida, USA) for all microscopy experiments. After incubation of cells
with appropriate peptides in appropriate cell culture media, the supernatant was
removed and cells were washed with PBS twice. Paraformaldehyde (4% v/v) was then
used to fix samples at RT for 30min. After washing with PBS (for Imin three times) to
remove excess paraformaldehyde, Microscopy Permeabilisation Solution (PBS + 0.1%
v/v Triton-X100; Sigma-Aldrich, MPS) was added to permeabilise the cellular
membranes for Imin. Cells were then washed with PBS three times prior to membrane
or nuclear staining, or further processed with a quenching and blocking step for
antibody-related experiments (Section 2.6.2.2). Staining with Alexa Fluor 647
Phalloidin (Life Technologies) diluted 1 in 60 with PBS was conducted for cellular
membrane staining (20min at RT, protected from light), and/or 3% v/v 4',6-Diamidino-
2-Phenylindole, Dihydrochloride (DAPI, Molecular Probes®, Life Technologies) in
PBS for nuclear staining (15min at RT, protected from light). Two changes of glycerol
(nPG, supplied by UTS Microscopy Imaging Facility) were then applied to the wells to
prevent quenching of fluorescence. A 12mm glass coverslip was placed on top of the
nPG to flatten the meniscus. Samples were imaged using the confocal microscope

within 1 week after staining.

2.6.2 Assessment of FhHDM-1 and FhHDM-1.C2 peptide binding and
internalisation by murine macrophages

2.6.2.1 Assessment of FhRHDM-1.C2 binding to RAW 264.7 macrophages

RAW 264.7 macrophages were seeded (2 x 10° cells/ml) onto 10mm Fluorodish cell
culture dishes and allowed to adhere for at least 2h (37°C/ 5% CO.). Cells were then
incubated with R10 media only (for untreated) or with Alexa Fluor 488 labelled
FhHDM-1.C2 (5uM) resuspended in R10 for 15min or 30min at 4°C. The cells were

then washed, fixed, permeabilised, as described in the standard microscopy staining
protocol (Section 2.6.1). Alexa Fluor 647 Phalloidin was used for the staining of the

cellular membrane, and DAPI was used for identification of the nucleus.
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2.6.2.2 Assessment of FhHDM-1 and FhHDM-1.C2 peptide internalisation by RAW

264.7 macrophages

RAW 264.7 macrophages were seeded (2 x 10° cells/ml) onto 10mm Fluorodish cell
culture dishes, and incubated for at least 2h (37°C/ 5% CO»). Cells were then incubated
with R10 media only (for untreated), or with Alexa Fluor 488 labelled FhRHDM-1
(2.5uM) for 45min, or Alexa Fluor 488 labelled FnHDM-1.C2 (5uM) for 15min, 30min
and 45min, or with biotin-labelled FRHDM-1.C2 (5uM) for 15min (37°C/ 5% CO»).
The cells were then washed, fixed, permeabilised, as described in the standard
microscopy staining protocol (Section 2.6.1). For experiments with biotin-labelled
peptides, further steps (as follows) were conducted. After further washing with PBS,
excess paraformaldehyde was quenched using 100mM glycine. Cells were then washed
and blocked with microscopy blocking solution (PBS + 2%v/v HI FBS + 0.1% v/v
Tween 20; MBS) O/N at 4°C. After washing, the cells were incubated with Alexa Fluor
488 labelled streptavidin (Life Technologies) diluted 1 in 20 with PBS + 2% (v/v) HI
FBS for 1h at RT, protected from light. An Alexa Fluor 488 labelled streptavidin only
sample was included to exclude any non-specific binding. After washing cells with
PBS/T, Alexa Fluor 647 Phalloidin was used to stain the cellular membrane, or
transmission detection (TD) was used to visualise the membrane. DAPI was used for

nuclei staining.

2.6.3 Microscopy instrumentation and data analysis

For all microscopy experiments, the 60x objective on the Nikon Al confocal
microscope (Nikon, NY, USA) and NIS software (Nikon) was used for image
acquisition of samples. Images were analysed by Imaris (Bitplane, UK) software. There
were six to seven fields of view captured for each sample, and each whole visible cell
was observed to quantify the numbers of green fluorescent dots (for the fluorescently-
labelled or biotin-labelled peptide) to determine peptide binding and internalisation.
Average percentages were calculated using numbers of whole visible cells with
punctate green fluorescence close in proximity to the cellular membrane (binding) or
within the cellular cytoplasm (internalisation) out of the total numbers of whole visible

cells counted, £ SEMs.
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2.7 Molecular biology

2.7.1 Gene expression levels in peptide-treated murine macrophages via microarray
2.7.1.1 Treatment of BMDMSs and isolation of RNA

BMDMs (1 x 10° cells/ml) in 6 well TC plates were treated with BMDM media alone
or with FhHDM-1 (15pM) for 1h (37°C/ 5% COz). The cells were then left to incubate
as untreated or with FhHDM-1 for 6 or 24h, or further stimulated with LPS (10ng/ml)

for 6 or 24h (37°C/ 5% COx2). Supernatants were removed and cells were lysed with
TRIzol™ reagent (Invitrogen) and RNA was isolated using the Qiagen RNeasy Plus
Mini kit (Qiagen, Hilden, Germany). The aqueous phase of the Trizol preparation was
obtained, according to the manufacturer’s instructions, and applied to the gDNA-
eliminating column of the RNeasy Plus Mini Kit, and then RNA was isolated, according
to the manufacturer’s instruction (Qiagen). RNA was submitted to the Ramaciotti
Centre for Genomics (UNSW, Sydney, Australia) for gene expression microarray

analyses using the Affymetrix Mouse Gene 2.1ST array.

2.7.1.2 Analysis of microarray data and network mapping

The data output from the microarray (Section 2.7.1.1), was analysed using Partek
Genomics Suite (Partek Inc. USA). Data files were grouped according to treatment
(untreated, FRHDM-1 only, LPS only, and LPS+FhHDM-1), and individual gene lists
for the treatments at 6 and 24h were generated by one way ANOVA comparison of a
combination of two groups, with a fold change cut off of >2, p-value with FDR<0.05
to identify the significantly altered genes between the two groups being analysed. Heat
maps of the whole microarray data were created using Partek Genomics Suite (Partek
Inc., MO, USA). A heat map of specific genes was created using Heml (Heatmap
[lustrator, version 1.0, [232]). Pathway analysis was conducted using Ingenuity
Pathway Analysis® (Qiagen), where comparison analysis was conducted between gene
lists created for LPS versus untreated samples and LPS+FhHDM-1 versus LPS treated
samples at both 6 and 24h time points. An activation Z-score was generated by the

software to rank the most differentially regulated pathways.
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2.7.2 Gene expression levels in peptide-treated murine macrophages via quantitative
Real Time-PCR
2.7.2.1 Treatment of BMDMSs and isolation of RNA

For experiments involving the gene expression levels of SerpinB2, Haver2 and Lsp-1,
BMDMs (1 x 10° cells/ml) in 6 well TC plates were treated with BMDM media, or with
FhHDM-1, FhHDM-1.C2, LL-37, CRAMP, Opisthorchis viverrini helminth peptide,
or Hydrophis cyanocinctus sea snake peptide (15uM) for 24h (37°C/ 5% CO.). For
experiments that observed the gene expression levels of 77/ and iNOS, BMDMs (1 x
10° cells/ml) in 6 well TC plates were treated with BMDM media, or with FhnHDM-1,
Opisthorchis viverrini helminth peptide (2.5uM) for 1h, washed twice with saline, prior
to stimulation with LPS (10ng/ml) or Poly (I:C) (50ng/ml) for 6h (37°C/ 5% CO»).

Cellular RNA was isolated using the Isolate II RNA mini kit (Bioline, UK), following
the manufacturer’s protocol. In brief, after treatment of cells, cells were washed twice
with saline. Lysis buffer (350ul with 3.5ul of B-mercaptoethanol) was added to each
well, and the lysed cellular mixture was placed into a sterile 1.5ml microtube to vortex
for 30sec. The sample was then placed into an Isolate I filter column and centrifuged
(11,000xg; 1min). An equal volume of 70% v/v pure ethyl alcohol (EtOH, Sigma-
Aldrich) was added, and tube contents were mixed well before loading into an Isolate
IT RNA mini column for centrifugation (11,000xg; 30sec). The sample was then washed
with the membrane desalting buffer prior to DNAse I treatment. The samples were
subjected to multiple washing steps with the kit RW1 and RW2 wash buffers, twice and
once, respectively. The RNA was eluted into 40ul of Bx water and RNA quality and
quantity was assessed via the NanoDrop One/One (Thermofisher Scientific). The
absorbance at 260nm (A260) was measured to approximate RNA concentration. The
absorbance at 280nm (A280) and 230nm (A230) were measured to assess the purity of
the sample, where contaminating protein and phenol or guanidine thiocyanate can be
detected at the respective absorbance. RNA was deemed of high quality if the ratio of
A260/A280 was between the ranges of 1.8 and 2.2, and the A260/A230 ratio was >1.7
[233].
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2.7.2.2 DNAse I treatment and cDNA synthesis

The concentrations of the RNA samples (from Section 2.7.2.1) were adjusted to the
sample of the lowest RNA concentration by addition of Bx water. All reactions were
conducted using 0.2ml thin walled PCR tubes (Axygen, California, USA). A further
DNAse step was conducted using the DNAse I Amplification Grade (Sigma-Aldrich)
for the removal of any contaminating gDNA, following the manufacturer’s protocol. In
brief, 1ul of 10x reaction buffer and 1ul of DNAse I was added to digest up to 1pg of
Bx water diluted RNA. The samples were gently mixed by tapping the tube, and
incubated for 15min at RT. Next, 1ul of stop solution was added to RNA (up to 1pg).
Samples were heated for 10min at 70°C in a thermal cycler to denature the DNAse 1.
First strand cDNA was synthesised from purified RNA in a 20ul volume using the
SuperScript® III First-Strand Synthesis for RT-PCR (Life Technologies), according to
the manufacturer’s protocol. Specifically, 1pg — Sug of RNA (in Bx water) was
incubated with 50ng/ul of random hexamers, 1pl of 10mM dNTP mix, to a total reaction
volume of 10pl, in a thermal cycler at 65°C for Smin. The reaction was then placed on
ice for Imin. The following reagents were then added, in order, to the reaction on ice:
2ul of 10x reverse transcriptase buffer, 4pl of 25mM MgCl,, 2ul of 0.1M DTT, 1l of
RNaseOUT™ (recombinant RNase inhibitor, 40U/ul), and 1ul of SuperScript® III
reverse transcriptase (200U/ul). A no reverse transcriptase control was included to
ensure that non-specific amplification did not occur. The reaction was incubated in a
thermal cycler at 25°C for 10min, and then 50°C for 50min, followed by a termination
step at 85°C for Smin. Next, 1ul of the RNAse H was added to each sample to digest
any remaining mRNA template off the cDNA. A master mix was used where possible

to minimise variability in DNAse I treatment and cDNA synthesised between samples.

2.7.2.3 Quantitative real time quantitative RT-PCR

Primers amplifying regions of the target genes and the reference genes were purchased
from Thermo Fisher Scientific. TagMan primer probes are listed in Table 2.4. All
reactions were conducted using 0.2ml thin walled PCR tubes (Axygen, California,
USA). The RT-PCR reaction was conducted using the TagMan™ Gene Expression
Master Mix (AmpliTag Gold® DNA Polymerase [Ultra Pure], Uracil-DNA
glycosylase, dNTPs [with dUTP], ROX™ Passive Reference, and optimized buffer
components; Applied Biosystems, Life Technologies), as per the manufacturer’s

protocol. In brief, in a total volume of 10ul, 2ul of cDNA (5ng, refer Section 2.7.2.2),
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0.5ul of appropriate TagMan primer probe (as listed in Table 2.4), Sul of TagMan™
Gene Expression Master Mix, and 2.5l of Bx water was assayed in technical triplicates,
in a MicroAmp® Optical 384-Well Reaction Plate with Barcode (Applied Biosystems,
Life Technologies), which was sealed with a MicroAmp® Optical Adhesive Film (cat
no: 4311971; Applied Biosystems, Life Technologies). A no cDNA control of Bx water
was included. The PCR program was as follows: UNG activation (50°C, 2 min), UNG
inactivation (95°C, 10 min), followed by 40 cycles of denaturation (95°C, 15 sec) and
annealing/extension (60°C, 1 min). Analysis of amplification plots provided cycle
threshold (Cy) values, and the quality of the plots provided confidence that the C; values

obtained were of the target product.

Table 2.4 Table of TagMan primer probes

Gene Assay ID Dye
Actinb p-actin Mm00607939 s1 | FAM-MGB
B2m p-2- microglobulin Mmo00437762 ml | FAM-MGB
Gapdh Glyceraldehyde- 3-phosphate dehydrogenase Mm99999915 gl | FAM-MGB
Gush p-glucuronidase Mm01197698 ml | FAM-MGB
Haver?2 Hepatitis A virus cellular receptor 2/ T-cell Mmo00454540 m1 | FAM-MGB
immunoglobulin and mucin-domain containing-3
(TIM-3)
Hmbs Hydroxymethylbilane synthase Mmo01143545 ml | FAM-MGB
Hnrnpab Heterogeneous Nuclear Ribonucleoprotein A/B Mm01288699 m1 | FAM-MGB
Hprt Hypoxanthine-guanine phosphoribosyltransferase | Mm00446968 ml | FAM-MGB
11p Interleukin 1 p Mm00434228 ml | FAM-MGB
iNOS/Nos2 | Nitric Oxide Synthase Mm00440502 ml | FAM-MGB
Lsp-1 Lymphocyte-specific protein 1 Mmo01268877 ml | FAM-MGB
Mau? MAU2 Sister Chromatid Cohesion Factor Mmo00512415 ml | FAM-MGB
Ppia Peptidylprolyl Isomerase A Mmo02342430 gl | FAM-MGB
Rpli3a Ribosomal protein L13a Mm01612987 gl | FAM-MGB
SerpinB?2 Serpin Family B Member 2/ Plasminogen Mmo00440905 ml | FAM-MGB
Activator Inhibitor 2 (PAI-2)
Stxia Syntaxin 5a Mmo00502335 ml | FAM-MGB
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2.7.2.4 Quantification of relative gene expression levels

The most common method to quantify gene expression levels, and hence calculate the
difference in relative gene expression levels between different treatment groups, is to

use the 224 ¢ calculation method [234].

In brief, the following calculation steps were performed:

The difference in gene expression levels of the target gene and the reference gene were
determined using a mean threshold cycle value (Cy) from three biological replicates of

each gene expression measured.

The A C; value (the difference in C; value between the reference gene and the gene of

interest) was then calculated using the formula:

A Ct = Ct gene of interest = Ct reference gene

For the comparison of relative expression levels of the genes of interest between the
untreated (vehicle control) samples and the treatment samples (either FKRHDM-1 only
or LPS only or combination of LPS+FhHDM-1), the AA Ci(the difference in the change
in C; value between the untreated and the treated samples) was calculated using the

formula (for each biological replicate of the treatment group):

AA Ci = A C{(FhHDM-1, LPS, or LPS+FhHDM-1 treated sample) - A C;(untreated sample)
Finally, the difference in relative gene expression levels between the untreated samples
and each biological replicate of the treated samples was determined by the fold-change
in expression, which was calculated using this formula:

Fold-change in gene expression (between treatment groups) = 244

The choice of reference genes for each experimental assay is detailed in Section 2.7.4.
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2.7.3 Molecular biology instrumentation and data analysis

For the DNAse I treatment and cDNA synthesis, the Eppendorf Mastercycler
(Eppendorf, Hamburg, Germany) was used. The Quant Studio Flex 12K instrument
(Applied Biosystems, Life Technologies) was used for real time quantification qRT-

PCR experimentation.

2.7.4 Reference gene analysis

2.7.4.1 Identification of suitable reference genes from the microarray data and the

literature

As described in Appendix A, two gene lists comparing LPS versus untreated samples,
at both 6 and 24h timepoints, were generated by a one way ANOVA comparison of the
two groups, from the microarray data analysis (Section 2.7.1.2) using Partek Genomics
Suite software (Partek Inc.). A fold change cut off of -1.4<fold change<1.4 was then
set, and a list of genes that were common to both lists was generated, in which three
candidate reference genes (Mau?2, Stx5a and Hnrnpab; Table 2.4) were then selected.
Further reference genes (listed in Table 2.4) were identified from the literature, with the
criteria being commonly used reference genes for normalisation of gene expression

levels in LPS treated BMDMs.

2.7.4.2 Analysis of reference genes expression stability

In order to identify the most consistently expressed reference gene for specific
experimental parameters, the C; values obtained from qRT-PCR of samples were
inputted into GeNorm, NormFinder and BestKeeper programs, according to the
instructions supplied. This required that raw C; values were transformed to different
input formats for GeNorm and NormFinder analyses. For analysis using BestKeeper
software, raw C; values were inputted. The analysis provided by NormFinder assigns a
stability ranking to candidate reference genes using an algorithm, which takes into
account intra- and inter-variability (i.e. the variability in expression levels within and
between the treatment groups, respectively) [235]. GeNorm determines the expression
stability of a gene using a stepwise exclusion of the least stably expressed gene,
generating an M value for each reference gene, and M values are then ranked [236].
The Bestkeeper software assigns a ranking to each candidate reference gene based on

the SD between samples [237]. The ranking and identification of the most suitable
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reference gene for each experimental condition was conducted as detailed in Section

2.7.4.3.

2.7.4.3 Analysis and identification of the most suitable reference gene

For experiments observing the effect of FKNHDM-1, FhRHDM-1.C2, other cathelicidins,

and cathelicidin-like peptides on the gene expression levels of SerpinB2, Havcr2 and
Lsp-1 in BMDMs at 24h, the C; values of Hnrupab, Stx5a (identified from Appendix
A), Actinb and Gapdh (identified as commonly used within the literature) obtained from
the qRT-PCR analyses were inputted into the ranking softwares, as previously
described (Section 2.7.4.2). Of the three softwares, Hnrupab was the highest-ranking
reference gene using two of the three softwares and, therefore, was determined to be
the most suitable reference gene (Table 2.5). This was consistently observed across 2

independent experiments.

For experiments observing the effect of FhRHDM-1 and Opisthorchis viverrini helminth
peptide on the gene expression levels of /714 and iNOS in LPS or Poly (I:C) stimulated
BMDMs at 6h, the C; values of Hnrnpab, Stx5a (identified from Appendix A), Gapdh
and Hprt (identified as commonly used within the literature) obtained from the qRT-
PCR were inputted into the ranking softwares, as described in Section 2.7.4.2. All three
softwares showed that Stx5a was the highest-ranking reference gene and hence
identified as the most suitable reference gene for these experiments (Table 2.6). This

was consistently observed across 3 independent experiments.
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Table 2.5 In silico ranking of reference genes for experiments using BMDMs

treated with FhHDM-1, FhHDM-1.C2, other cathelicidins and cathelicidin-like

peptides
GeNorm NormFinder BestKeeper
Hnrnpab | Actinb Hnrnpab Stx5a
Gapdh Actinb Actinb
Stx5a Gapdh Hnrnpab
Stx5a Gapdh

The ranking of genes is displayed as the top being the most stable reference gene. | denotes that the

genes were equally ranked as the most stable reference gene.

Table 2.6 In silico ranking of reference genes for experiments using LPS or Poly

(I:C) stimulated BMDMSs treated with FhHDM-1 and Opisthorchis viverrini

helminth peptide
GeNorm NormFinder BestKeeper
Stx5a Stx5a Stx5a | Hnrnpab
Hnrnpab Hnrnpab Gapdh
Gapdh Gapdh Hprt
Hprt Hprt

The ranking of genes is displayed as the top being the most stable reference gene. | denotes that the

genes were equally ranked as the most stable reference gene.
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2.8 CPPpred analysis

For analysis of cell penetrating peptide (CPP) sequences within FhHDM-1, the
predictive software CPPpred [238] was utilised. This online software allows the
analysis of peptides between 5 and 30 amino acids in length, and ranks peptides from 0
to 1 according to predictive N-to-1 neural network algorithms of how likely a peptide
is to be cell-penetrating. Scores closer to 1 indicate that CPPpred is more confident that
the peptide will be cell-penetrating, while scores closer to 0 suggest that the peptide is
highly unlikely to be cell-penetrating.

2.9 Statistical analysis

Data analysis was conducted using Microsoft Excel (Microsoft Windows) and
GraphPad Prism (GraphPad, CA, USA) with statistical analysis conducted using the
unpaired parametric student’s t-test, unless stated otherwise. EC50s for cytokine
inhibition by peptides were calculated using non-linear regression analysis, where a
sigmoidal dose-response (variable slope) curve was generated. For the multiplex data,

a two-way ANOVA comparison was conducted.
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Chapter 3: Transcriptional profiling of
macrophages treated with FhHDM-1
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3.1 Introduction

Signals from both host and infecting pathogen result in the activation of gene expression
programs that initiate macrophage-dependent immune responses. Biological outcomes
associated with these changes in gene expression levels are varied. They include the
induction or repression of genes that mediate inflammation, cell proliferation,
migration, and cell survival [239]. Due to the potency of immune responses generated
by even small changes in gene expression levels in macrophages, this process is tightly
regulated and dysregulation is associated with excessive pro-inflammatory responses,
as observed in conditions such as septic shock and inflammatory autoimmune diseases
[240]. Accordingly, a therapeutic strategy which selectively modulates the
transcriptional response of macrophages could potentially be used to prevent/suppress

immune mediated disease.

Previous studies have shown that direct stimulation of macrophages with the human
cathelicidin peptide, LL-37, regulated the expression levels of more than 900 genes
[241]. Genes that were up-regulated included those encoding cytokine and chemokine
receptors, cell surface antigens, cell adhesion and intercellular communication, whilst
genes that were down-regulated included those encoding DNA repair proteins and
inflammatory mediators [242]. Of significance for immune responsiveness, the anti-
inflammatory cytokine, IL-10, was up-regulated, whilst the pro-inflammatory cytokine,
IL-12, and the chemokine, macrophage-inflammatory protein (MIP)-1, were down-
regulated by LL-37 treatment of macrophages [242]. Similarly, an insect-derived
cationic alpha helical peptide (CEMA) has been shown to induce the expression of 35
genes in murine macrophages, including genes involved in intercellular communication
and apoptosis [243]. These observations led to the proposal that cationic peptides may
directly regulate macrophage function to selectively modulate responses to
inflammatory signals. Consistent with this hypothesis, innate defence regulator (IDR)-
1, a synthetic derivative of LL-37, regulated the expression levels of 566 genes in
human monocytes [244]. Of these genes, several were transcription factors, and their
activation resulted in reduced expression levels of pro-inflammatory cytokines, such as

TNF, in vivo [244].
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Structurally, FRHDM-1 is a cathelicidin-like peptide and, like LL-37, has been shown
to inhibit the induction of pro-inflammatory macrophages in response to bacterial LPS
[197, 199]. Therefore, the possibility that FhRHDM-1 also directly altered macrophage

gene expression levels to modulate inflammatory pathways was investigated.
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3.2 Transcriptional profiling of FRHDM-1 treated murine macrophages

To determine changes in gene expression levels in macrophages following treatment
with FhHDM-1, the global gene expression profile of BMDMs was measured using a
41,436 Affymetrix mouse gene array (Section 2.7.1). The fold changes in gene

expression levels was analysed using Partek Genomics Suite (Partek Inc., USA).

The gene expression profiles, at 6 and 24h, in FhHDM-1 treated BMDMs and untreated
BMDMs were remarkably similar (Fig. 3.1). Furthermore, gene lists generated by one-
way ANOVA comparisons of untreated versus FhHDM-1 treated BMDMs at 6h
showed that there were no significant differences in the expression levels of any genes
in response to treatment with FhRHDM-1 (with the cut-off at fold-change > 2, p-value
with FDR < 0.05). However, at 24h, this analysis revealed a significant change in the
expression levels of 6 genes (fold-change > 2, p-value with FDR < 0.05; Table 3.1). Of
these 6 genes, only SerpinB2 was upregulated, whereas the expression levels of the
other 5 genes were reduced by 2 to 3.8 fold (Table 3.1). The finding that the expression
levels of only 6 genes were modulated after 24h FnHDM-1 treatment is in stark contrast
to the number of genes regulated by LL-37 and IDR-1 treatment, suggesting that, unlike
these cathelicidin peptides, FnHDM-1 may be inducing a highly specific effect on

macrophage function.
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Figure 3.1 FhHDM-1 treatment does not induce any significant changes in gene expression profiles in murine BMDMs. BMDMs (1 x 10°
cells/ml) were treated with FRHDM-1 (15uM; n = 2, replicates shown) for (A) 6h or (B) 24h at 37°C. RNA was isolated for Agilent microarray
analysis. A heat map was generated from gene expression analysis with Partek Genomics Suite. The colour-code key indicates log-fold increases
(red) or decreases (blue) in gene expression levels.
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Table 3.1 Genes significantly regulated by 24h FhHDM-1 treatment of murine

BMDMs.
Foldchange p-value
Gene Symbol Protein (24h FhAHDM-1 vs.  (24h FhHDM-1 vs.

24h UT) 24h UT)
. Serine or cysteine peptidase inhibitor, Clade ™

SerpinB2 B, member 2 1(2.44) 7.75E
Haver? Hep A virus cellular receptor 2 1 (2.1 1.15E-05
Lspl Lymphocyte specific protein 1 1(-2.2) 2.07E%
Hal Histidine Ammonia Lyase 1 (-2.3) 1.82E-0%8
Cd72 CD72 1 (-2.4) 1.05E-03
Ogn Osteoglycin 1 (-3.8) 2.20E-0

UT: Untreated;  and | denotes up- and down-regulation, respectively.
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3.3 Analysis of SerpinB2 expression levels and the inhibition of Th1l cytokine
production in FhHDM-1 treated macrophages

As SerpinB2 was the only gene to show increased expression levels in response to
FhHDM-1 treatment of BMDMs, this was explored further. Firstly, the changes in
expression levels were validated using qRT-PCR in two independent experimental
replicates (Section 2.7.2). To calculate the fold change in expression levels of SerpinB2,
a reference/normalisation gene, whose expression level was not regulated by the

experimental conditions, was included.

Typically, in most published studies of macrophage inflammatory responses, the
expression levels of Actinb and Gapdh are used for normalisation. However, an optimal
reference gene should be determined for every set of experimental conditions [245].
Thus, a study (Tanaka et al. 2017; Appendix A) was undertaken to determine the
expression levels of a total of 11 candidate reference genes in BMDMs, and the optimal
reference gene was identified using NormFinder [235], GeNorm [236] and BestKeeper
[237] softwares. This study was the first to identify and validate Hnrnpab and Stx5a, as
optimal reference genes for the normalisation of gene expression data in experiments
using BMDMs. The use of Hnrupab as the most appropriate reference gene was
determined by analysing the stability of gene expression across untreated and FhHDM-
1 treated macrophages, from a panel of reference genes, as detailed in Section 2.7.4.3.
Using this approach, the fold change in expression levels of SerpinB2 was calculated,
as compared to the expression levels of Hnrnpab. Macrophages treated with FhHDM-
1 again showed a significant increase in the expression levels of SerpinB2 (fold change
of 12.7 £ 1.2; Fig. 3.2A), as compared to untreated cells, thus validating the microarray

findings.

Analyses of the genomes of other helminth parasites have identified sequences for
HDM-like peptides in all major human trematode parasites [199]. This suggests that a
common mechanism of immune modulation is utilised by this family of parasites. To
test this, BMDMs were treated with a synthetic HDM derived from the helminth,
Opisthorchis viverrini (Ov-HDM), and the expression levels of SerpinB2 were

quantified by qRT-PCR (Section 2.7.2). Although the fold change was not as high, as
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compared to macrophages treated with FnHDM-1, the Ov-HDM peptide also induced
the up-regulation of SerpinB2 (2.4 + 0.1; Fig. 3.2B). Similarly, BMDMs treated with
the mammalian cathelicidin peptide derived from human (LL-37) and mouse (CRAMP)
also showed significantly increased expression levels of SerpinB2 (3.2 £0.4 and 6.0 +
0.3, respectively; Fig. 3.2B). In contrast, a peptide derived from the sea snake,
Hydrophis cyanocinctus, which although cationic in nature is not classified as a
cathelicidin, did not exert any significant effect on the expression levels of SerpinB2 in

macrophages (Fig. 3.2B).
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Figure 3.2 FhHDM-1 treated macrophages express SerpinB2, and this is conserved
across other helminth, mammalian and sea snake cathelicidin-like peptides.
BMDMs (1 x 10° cells/ml) were incubated with (A) FhHDM-1 and (B) other
cathelicidin-like peptides (LL-37 [human], CRAMP [murine], Opisthorchis viverrini
peptide [helminth], and Hydrophis cyanocinctus peptide [sea snake]; 15 uM) for 24h at
37°C. RNA was isolated, cDNA synthesised, and gene expression levels were analysed
by qRT-PCR. Fold changes in expression levels of SerpinB2 were calculated using the
AAC; method, where a fold change of 1 (dotted line) indicates no change in expression
level, as compared to untreated BMDMs. Genes were normalised to Hnrnpab
expression levels. Data is the combination of two independent experiments (A) and
three biological replicates (B) and expressed as means = SEMs (**** p <0.0001).
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Expression of SerpinB2 is induced throughout many inflammatory processes [246,
2471, and is one of the most upregulated proteins in activated monocytes/macrophages
[246]. Originally identified as an inhibitor of the urokinase-type plasminogen activator
(uPA) [247], more recently, SerpinB2 has been associated with uPA-independent
biological functions. Importantly, in the context of infections with helminth parasites,
it has been shown that SerpinB2 expression by macrophages regulates the development

of Th1 adaptive immune responses [248].

Therefore, it was postulated that the increased expression levels of SerpinB2 induced
by FhHDM-1 treatment of macrophages would mediate a reduction in IFN-y secretion
by T cells. BMDMs (5 x 10° cells/ml) were treated with FkHDM-1 (15uM) for 24h (the
time point in the array data set at which increased SerpinB2 expression levels were
observed) at 37°C (Section 2.4.1.6). After washing the BMDMs to ensure that non-
internalised FnHDM-1 was removed, murine T cells were added (T cells : BMDMs,
1:1) and the cells were co-cultured for 48h at 37°C in the presence of aCD3 antibody
(0.05pg/ml, 0.1pg/ml). The production of [FN-y was then quantified by ELISA.

As expected, co-culturing BMDMs with T cells in the presence of aCD3 antibody
promoted the production of IFN-y (Fig. 3.3B,C). Consistent with the reported
physiological role for SerpinB2, the addition of FhRHDM-1 treated BMDMs to T cells
significantly reduced their ability to produce IFN-y in response to CD3 stimulation (p
<0.0001 for both 0.05pg/ml and 0.1pg/ml aCD3 antibody treatment, respectively; Fig.
3.3A.B).
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Figure 3.3 FhHDM-1 prevents IFN-y secretion by T-cells via murine macrophages.
BMDMs (5 x 10° cells/ml) were incubated with FKHDM-1 (15uM) for 24h at 37°C.
Cells were washed twice with saline, and then co-cultured with T cells (1:1) in the
presence of aCD3 antibody at (A) 0.05ug/ml or (B) 0.1ug/ml, for 48h at 37°C. Cell
supernatants were assayed for I[FN-y secretion. Data was converted to percentages with
untreated BMDMs + T cells + aCD3 antibody adjusted to 100%. Data is the
combination of two independent experiments and expressed as means £ SEMs (¥*** p
<0.0001).
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The mechanism(s) by which SerpinB2 expression reduces Thl-promoting cytokine
production in macrophages remains unknown, however it has been suggested that
CD40 signalling activity may be affected [248]. CD40 is a primary co-stimulatory
molecule present on antigen presenting cells, and its engagement with its ligand,
CD154, on T cells is required for their activation [249]. Thus, to determine whether
cell-cell contact was required for the reduction of IFN-y production mediated by
FhHDM-1 treated macrophages, the supernatants of untreated, or FhRHDM-1 treated,
BMDMs were collected, filtered (for removal of any remnant macrophage cells or
cellular components) and added to fresh BMDMs and T cells, in the presence of aCD3
antibody (Section 2.4.1.6). As shown in Figure 3.4, T cells co-cultured with the
supernatant of FhHDM-1 treated BMDMs were not inhibited in their secretion of IFN-
v. This suggests a requirement for cell-cell contact and also supports the microarray
analysis, which showed that FnHDM-1 itself does not modulate the production of

cytokines/chemokines by macrophages, which might impact upon T cell responses.
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Figure 3.4 FhHDM-1 treated macrophages mediate the inhibition of Th1 cytokine
production via cellular contact between macrophages and T cells. BMDMs (5 x 10°
cells/ml) were incubated with FRHDM-1 (15 uM) for 24h at 37°C. The supernatant
(sup) was collected and co-cultured with fresh BMDMs, T cells and aCD3 antibody at
two concentrations (0.05ug/ml, 0.1pug/ml) for 48h at 37°C. Cell supernatants were
assayed for IFN-y secretion. Data was converted to percentages with untreated BMDMs
+ T cells + aCD3 antibody adjusted to 100%. Data is from six and four biological
replicates (0.05pg/ml, 0.1pg/ml, respectively) and expressed as means = SEMs.
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3.4 Analysis of Havcr2 and Lsp-1 expression by helminth, mammalian and snake

cathelicidin-like peptides

Of the 5 genes that showed reduced expression levels in macrophages following
treatment with FhHDM-1 (Section 3.2; Table 3.1), there is very little published
literature describing the function of Hal, Cd72 or Ogn.

The gene, Havcr2, encodes the T cell immunoglobulin domain and mucin domain
(TIM)-3 protein, which was initially identified as a membrane marker specific for Thl
lymphocytes. This surface marker functions as an immune checkpoint, negatively
regulating Thl cell activation [250]. Recent research has found that other cells,
including monocytes and macrophages, can also express TIM-3 [251, 252]. While
studies have demonstrated that it can regulate cytokine production [251, 253-255], cell
activation [251], and the capture of apoptotic bodies [256, 257] within monocytes and
macrophages, the function of TIM-3 in myeloid cells and the molecular mechanisms
that this protein regulates are not yet fully understood [252]. Therefore, the consequence
of the decreased expression levels induced by treatment with FhRHDM-1 is not known.
However, comparing the gene expression of macrophages treated with the Ov-HDM,
LL-37 and CRAMP peptides indicates that a reduced expression levels of Havcr2 (as
detected via qRT-PCR) in macrophages is a common outcome for all cathelicidin-like

peptides (Table 3.2).

Lsp-1 is an intracellular filamentous-actin binding protein that regulates leukocyte
recruitment to inflamed sites. Mice deficient for this gene show enhanced healing of
skin wounds [258] due to increased infiltration of leukocytes. While this effect is not
specifically attributed to macrophages, the reduction of Lsp-1 expression in FhHDM-1
treated mice might contribute to the promotion of wound healing observed during
parasite infection. Once again, macrophages treated with Ov-HDM, LL-37 and
CRAMP peptide also display a reduced expression levels of Lsp-1 (Table 3.2).

However, as the sea snake peptide also reduced the expression levels of Havcer2 and

Lsp-1 by comparable levels to those observed for the helminth and mammalian

cathelicidin peptides (Table 3.2), more extensive analysis will be required to
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demonstrate that the reduction in expression of these two genes is not simply a

bystander effect, and not specifically related to FRHDM-1 treatment of macrophages.

Table 3.2 Regulation of Havcr2 and Lsp-1 expression by helminth, mammalian

and snake cathelicidin-like peptides.

Genes (Fold change = SEM )
Sample
Havcr2 Lsp-1
FhHDM-1 -1.5£0.1 -1.9+0.1
LL-37 -1.7+0.1 -1.6+0.1
CRAMP -1.6+£0.02 -1.7+0.1
Opisthorchis viverrine
23+ 3.0+
helminth peptide 2.3+001 30£0.1
Hydrophis cyanoqnctus 154002 28401
sea snake peptide
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3.5 Discussion

Transcriptional profiling of macrophages treated with FhHDM-1 revealed that only a
single gene, SerpinB2, was up-regulated. Furthermore, the increased expression levels
of SerpinB2 was associated with the inhibition of IFN-y secretion from T cells (Fig.
3.3). Although the true biological function of SerpinB2 is not fully elucidated, its ability
to mediate alterations to the inflammatory response has been demonstrated. In the
context of autoimmunity, macrophages from the synovial fluid of patients with RA
were shown to have a down-regulated expression of SerpinB2 [259]. Further,
polymorphisms in SerpinB2 have been associated with the development of SLE (with
increased Thl responses) [260, 261]. These observations corroborate the role of
SerpinB2 in the context of a parasite infection, as SerpinB2 expression was shown to
be critical in the elicitation of a functional Th2 response during infection with the
helminths, Heligmosomoides bakeri [262] and Schistosoma japonicum [263]. This was
observed to be dependent upon the presence of Th2 cytokines, IL-4 and IL-13, to induce
SerpinB2 expression in macrophages, and further promote the anti-inflammatory M2
phenotype [264]. Thus, the increased expression levels of SerpinB2 in macrophages
treated with FhnHDM-1 is associated with decreased Thl immune responses, and
enhanced Th2 immune responses observed during infection of mouse models [186] and

natural hosts [185] with Fasciola hepatica.

The discovery here that the treatment of macrophages with FhHDM-1 only regulated
the expression of 6 genes (Section 3.2) was surprising, given that the human homolog,
LL-37, and the synthetic derivative, IDR-1, reportedly modulated the expression levels
of hundreds of genes [241, 244]. This striking difference may be due to the cell type
studied, and the kinetics of gene expression profiling. The LL-37 study investigated its
effects on RAW 264.7 macrophages (murine cell line) [242], whilst the IDR-1 study
investigated its effects on human monocytes [244]. Both of these studies observed the
effect of the respective peptides after 4h of incubation, while the genetic expression of
macrophages treated with FhHDM-1 was assessed here at 6 and 24h. Although it is
possible that FRHDM-1 has an immediate effect on macrophages, which could be
quantified at an earlier time point, it is unlikely that within a 2h time frame, hundreds

of genes would return to homeostatic levels of expression. However, it would be
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worthwhile to assess the expression levels of genes at an earlier time point (< 4h) in a
range of macrophage cell types, and to include macrophages treated with LL-37 in the
same analysis. Despite these differences in experimental design, it is conceivable that
FhHDM-1 has evolved to have a more specific effect on macrophage gene expression,

as compared to the mammalian cathelicidins.

Of interest, the increase in SerpinB2 gene expression levels was not restricted to
treatment of macrophages with FnHDM-1, as another helminth homolog (Ov-HDM)
and two mammalian cathelicidins (CRAMP and LL-37) also induced SerpinB2 gene
expression (Fig. 3.2B). This may be a novel mechanism conserved among the
cathelicidins, and cathelicidin-like peptides, as part of their anti-inflammatory activity.
The observation that a non-cathelicidin sea snake peptide did not upregulate SerpinB2
expression levels (Fig. 3.2B), suggests possible differences in structure and charge
distribution between this peptide and the cathelicidins, with the latter peptides
possessing the specific characteristics required to induce SerpinB2 expression. The
regulation of SerpinB2 expression is yet to be fully understood, however, studies have
identified the regions and the proteins responsible for the regulation of the SerpinB2
gene promoter [265]. This may provide insight as to how cathelicidins may affect the

proteins and promoter regions necessary for SerpinB2 up-regulation.

Macrophages treated with FnHDM-1 inhibited the expression of IFN-y from T cells,
which may have been mediated by the increased expression levels of SerpinB2.
However, to confirm that SerpinB2 is indeed functionally inhibiting the production of
Th1 cytokines, further studies are required. The most direct approach would be to utilise
macrophages derived from SerpinB2” mice. To date, little is known about the
phenotype of these mice, except for their ability to produce more IgG2c and IFN-y
production by T cells, in response to Ovalbumin immunisation (in Complete Freud’s
Adjuvant, to elicit a Thl response), suggesting that these mice show a bias for Thl
responses [248]. It would be anticipated that macrophages isolated from SerpinB2”
mice and co-cultured with FhRHDM-1 would be unable to inhibit T cell activation.
Furthermore, infection of these mice with F. hepatica would allow for the determination
of T cell activation in vivo. Based on the data presented in this chapter, F. hepatica
infected SerpinB2”- mice would be expected to display an increased Thl response, in

2+/+

contrast to F. hepatica infected SerpinB2™" mice.
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Considering that the primary biological function attributed to FhRHDM-1 has been the
regulation of pro-inflammatory immune responses, it was of interest that one of the
genes found to be reduced in expression (TIM-3 coded by Havcr?2) has been associated
with autoimmune disease. The expression of TIM-3 on T cells has been associated with
the exacerbation of both EAE (murine MS) [266] and murine T1D [267]. While it is
difficult to determine the biological effect of reduced macrophage expression of Havcr?2
in response to FKRHDM-1, with its efficacy in suppressing development of EAE and

T1D in mice [197], it warrants further investigation.

This chapter has focused on the use of transcriptional profiling to elucidate the
mechanism of action by which FhHDM-1 modulates macrophage activity. While this
is a valid starting point, and a commonly used strategy, to determine the biological
impact of compounds, this approach does not consider other aspects of cellular function.
This includes regulation of proteins (proteomics) and metabolic pathways
(metabolomics) within cells, as these are also known to modulate inflammatory activity.
For example, pro-inflammatory macrophages are associated with the induction of the
glycolytic pathway, whilst the activation of anti-inflammatory M2 macrophages is
associated with the metabolic use of oxidative phosphorylation to produce energy [268].
Therefore, these changes could be measured via mass spectrometry and live-cell
metabolic assays. With increasing evidence that the metabolism is crucial for
determining cellular function, the effect of FkHDM-1 on the proteome and metabolic

pathways of macrophages will be a compelling area to pursue.

100



Chapter 4: Analysis of the anti-inflammatory
effect of FhHDM-1 in murine macrophages
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4.1 Introduction

Due to its ability to reduce pro-inflammatory cytokine production by macrophages in
response to bacterial LPS, an anti-inflammatory mechanism of action for FhHDM-1
was postulated [197, 199]. This activity was hypothesised as important in mediating the
fitness of the host, and thus supporting the parasite’s survival. The damage caused to
the intestinal epithelium as the juvenile parasites migrate from the intestine to the
peritoneal cavity, results in the translocation of gut microbes to the systemic circulation.
Mounting a pro-inflammatory response to these increased levels of circulating bacterial
ligands (such as LPS) could result in the development of sepsis, which may be fatal to
the host, and therefore the parasite. Developing strategies to minimise these host pro-
inflammatory responses, ensures the parasite’s long-term survival, while concomitantly
reducing tissue damage for the host. Indeed, it has been reported that individuals
infected with the related helminth parasite, Schistosoma mansoni, have circulating
levels of endotoxin ten times higher than those reported for patients experiencing lethal
septic shock [269]. The evidence that FnHDM-1 is secreted by the parasite as it
migrates through the host tissue, and that it prevents the innate immune response to
bacterial LPS, suggests that this peptide is a critical component of the mechanisms that

have evolved to regulate the host inflammatory response during parasite infection.

The sequence and kinetics of activation of the intracellular signalling factors in
macrophages, in response to LPS are well characterised [270, 271]. It is known that
macrophages undergo a peak of inflammation at 6h after LPS stimulation and then a
resolution phase, at 24h post-stimulation [272-274]. At the peak of inflammation, LPS
upregulates the expression of genes involved in the intracellular signalling cascades,
such as NF-kB signalling, and the production of pro-inflammatory cytokines and
chemokines, including IFN and IL-6 [274-276]. The later resolution phase is associated
with increased expression levels of genes encoding lysosomal proteins, to facilitate the
preparation of the phagosome; and intracellular compartment proteins associated with
secretion, such as components of the Golgi apparatus and endoplasmic reticulum [276].
Due to the detailed characterisation of events accompanying LPS stimulation of
macrophages, this is a commonly used model to test efficacies, and to elucidate the

mechanisms of action, of new anti-inflammatory compounds. Despite not observing
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any significant alterations to gene expression levels in macrophages in response to
FhHDM-1 (Chapter 3), the global gene expression levels in response to LPS after
treatment of macrophages with FnHDM-1 was completed to determine whether the
presence of FhRHDM-1 altered pathways of inflammation. This would identify putative
intracellular targets of FKRHDM-1, and thus the mechanism(s) of action of the parasite

peptide.

Significantly, the intracellular signalling pathways activated by LPS within
macrophages are also shared by stimulation using many other pro-inflammatory ligands
[272, 273]. Thus, by using LPS as an initial stimulatory ligand, broad any anti-
inflammatory effects of FhHDM-1 could be examined, to provide a predictive

mechanism of action for the peptide in the autoimmune context.
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4.2 Transcriptional profiling of murine macrophages treated with FhHDM-1 in

response to LPS stimulation

The suppression of LPS-mediated inflammatory responses by FhHDM-1 had
previously been attributed to an interaction between the amphipathic c-terminal region
of FAHDM-1 and LPS, which blocked the binding of LPS to its macrophage receptor
(TLR-4). However, the evidence that FhHDM-1 was internalised by macrophages [215],
suggested that the peptide could also impact upon intracellular pathways to inhibit the
subsequent stimulation of macrophages by LPS. To confirm this hypothesis, it was
important to initially observe the ability of FnHDM-1 to intracellularly prevent the

activation of macrophages normally induced by LPS.

To measure this, BMDMs were treated with FnHDM-1 for 1h, then washed twice with
saline to remove any excess extracellular FKRHDM-1, prior to LPS stimulation, thus
minimising direct interaction of FhHDM-1 with LPS (Section 2.4.1). As shown
previously [199], the presence of FhHDM-1 (i.e. using a protocol in which
macrophages were not washed) significantly inhibited the production of TNF, even at
concentrations of FhRHDM-1 as low as 2.5uM (Fig 4.1A). Although the addition of a
washing step reduced the potency of inhibition, the pre-treatment of macrophages with
FhHDM-1 also significantly reduced the production of TNF in response to LPS
stimulation (Fig 4.1B). This suggests that internalised FhRHDM-1 suppresses the pro-
inflammatory response to LPS, independently of an interaction with the bacterial ligand,
suggesting an ability of FhHDM-1 to modulate the intracellular signalling pathways
induced by LPS.
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Figure 4.1 FhHDM-1 inhibits pro-inflammatory cytokine production by LPS
stimulated murine macrophages. BMDMs (1 x 10° cells/ml) were treated with
FhHDM-1 (at various concentrations) for 1h, and then (A) treated immediately, or (B)
washed twice with saline prior to O/N stimulation with LPS (10ng/ml) at 37°C. Cell
supernatants were assayed for TNF secretion. Data was converted to percentage values
with LPS-only stimulation samples adjusted to 100%. Data is the combination of fifteen
(A) and five (B) independent experiments and expressed as means + SEMs (statistical

significance was determined by comparisons to the levels of TNF secreted by LPS-only
treated samples; *** p < 0.001, **** p <0.0001).
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To identify the intracellular pathways targeted by FhHDM-1, the global gene
expression profile of BMDMs stimulated with LPS-only (for a period of 6 or 24h) was
compared to the genes expressed by BMDMs treated with FhnHDM-1 and LPS using a
41,436 Affymetrix mouse gene array (Section 2.7.1). The fold changes in gene

expression were analysed using Partek Genomics Suite (Partek Inc., USA).

As expected, at both time points of 6 and 24h (corresponding to the peak and resolution
phases, respectively, of LPS inflammation in macrophages), LPS stimulated
macrophages generated a distinct gene expression profile, as compared to that of
untreated macrophages at the same time point (Fig. 4.2). Further analysis of gene lists,
created using one-way ANOVA comparisons of LPS versus untreated samples (cut-off
at fold-change>2, p-value with FDR<0.05), revealed that 3,255 and 28,747 genes (at 6
and 24h, respectively) were regulated in the presence of LPS. In support of its proposed
anti-inflammatory activity, BMDMs treated with FhHDM-1 prior to LPS stimulation,
generated a genetic profile that was more similar to the untreated samples, as compared
to the LPS treated cells. Indeed, further analysis of gene lists showed that only 154 and
61 genes (at 6 and 24h, respectively) were differentially regulated between LPS and
FhHDM-1 treated macrophages, as compared to untreated cells (Fig 4.2).

Analysis of gene lists generated from LPS and FhHDM-1 versus LPS-only treatment
groups, showed that of the genes whose expression levels were modulated greater than
5 or 10 fold, most were down-regulated (65:251, 7:98 and 67:258, 12:123 for numbers
of up- and down-regulated genes greater than 5 and 10 fold, at 6 and 24h, respectively;
Fig. 4.3A). Closer inspection of these repressed genes showed that they were typical of
a pro-inflammatory response [275]. For example, //6 (Fig. 4.3B), a gene that codes for
the pro-inflammatory cytokine, IL-6, was up-regulated by LPS treatment at the peak of
inflammation (fold change of 48, p = 0.002; Fig. 4.3B). In contrast, in the presence of
FhHDM-1, this gene was the most significantly down-regulated gene at the 6h time
point (fold change of -188, p = 0.0004; Fig. 4.3B). Consistent with the reduced
expression levels of this gene, the production of IL-6 protein was also significantly
inhibited when LPS-stimulated macrophages were pre-treated with FhHDM-1 (5 and
15uM; Fig. 4.3D).
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Figure 4.2 FhHDM-1 significantly alters the gene expression profile of LPS treated
murine macrophages. BMDM:s (1 x 10° cells/ml) were treated with FkHDM-1 (15uM;
n = 2 replicates shown) for 1h, and then treated with LPS (10ng/ml) for (A) 6h or (B)
24h at 37°C. RNA was isolated for Agilent microarray analysis. A heat map was
generated from gene expression analysis with Partek Genomics Suite. The colour-code
key indicates log-fold increases (red) or decreases (blue) in gene expression.
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Figure 4.3 FhHDM-1 significantly down-regulates genes associated with
inflammation, in LPS treated murine macrophages. Gene lists were created from
one-way ANOVA comparisons of LPS and FhHDM-1 versus LPS-only treated
BMDMs (cut-off at fold-change>2, p-value with FDR<0.05). (A) Numbers of genes
that were up- and down-regulated by FlHDM-1 in the presence of LPS, in comparison
to LPS-only samples, were categorised according to genes that were regulated more
than 2, 5 or 10 fold at 6 and 24h. (B,C) Genes up-regulated by LPS-only samples were
chosen for further analysis (from [275]), and compared with LPS and FhHDM-1 treated
samples at (B) 6 and (C) 24h. Heat maps are categorised by genes that were regulated
between 2 to 10 fold and greater than 10 fold. The ‘+’ symbolises up- (+) and down- (-)
regulation. (D) BMDMs (1 x 10° cells/ml) were treated with FnHDM-1, washed twice
with saline prior to O/N stimulation with LPS (10ng/ml) at 37°C. Cell supernatants were
assayed for IL-6 via a multiplex. Data was converted to percentages with LPS-only
stimulation adjusted to 100%. Data is the combination of two independent experiments,
and expressed as means + SEMs (statistical significance represents comparisons to the
levels of TNF secreted by LPS-only samples; **** p <0.0001).
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4.3 Modulation of intracellular pathways in murine macrophages treated with

FhHDM-1 in response to LPS stimulation

The array analysis clearly demonstrated that rather than targeting individual genes,
FhHDM-1 treatment inhibited the expression of large numbers of genes in response to
LPS stimulation, suggesting that whole pro-inflammatory pathways may be modulated.
Therefore, the relationships between differentially expressed genes were analysed using
Ingenuity Pathway Analysis® (IPA; Qiagen) to identify LPS-induced signalling
pathways that were regulated by FhHDM-1 (Section 2.7.1). Within the top 30
significantly altered pathways at 6 (Fig. 4.4A) and 24h (Fig. 4.4B), the majority were
inhibited. Unsurprisingly, those pathways were associated with the activation of the
pro-inflammatory responses, including signalling by TREMI, pattern recognition
receptor, IL-6, GM-CSF, interferon NF-kB, and toll-like receptor (Fig. 4.4A,B).
Corroborating the evidence that treatment of macrophages with FnHDM-1 prevents the
development of T1D in mice [132], the primary signalling pathways involved in
inflammation and B-cell death were also predicted to be inhibited by the IPA analysis
(pathway no. 19 and no. 26; Fig. 4.4A,B).

Of the top 30 pathways modulated at 6h, only seven pathways were predicted to be
significantly activated in cells treated with both FhRHDM-1 and LPS, as compared to
cells stimulated with LPS only. Of these, the Liver X Receptor (LXR) activation
pathway and the Peroxisome Proliferator Activated Receptor (PPAR) signalling
pathway were the most highly activated (pathway no. 3 and no. 4, respectively; Fig.
4.4A). LXRs are nuclear receptors that are critical in cholesterol and fatty acid
homeostasis [277, 278]. They are present on liver, intestine, kidney, spleen and adipose
tissue, and work in partnership with the Retinoid X Receptor (RXR) as heterodimers
when stimulated with natural ligands, such as oxysterols (monooxygenated derivative
of cholesterol) [278]. LXRs have anti-inflammatory and immune regulatory roles [279],
especially in macrophages, where they are able to trans-repress specific LPS stimulated
pro-inflammatory genes [280, 281]. In the absence of LXR expression, mice are more
susceptible to bacterial infection [282], and, furthermore, LXR agonists have been
shown to reduce the incidence and inflammation in murine models of arthritis [283],

MS [284], and other pro-inflammatory diseases [279, 285].
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PPARs are also nuclear receptors vital for the regulation of lipid metabolism within
cells. This leads to their critical role in the maintenance of alternatively activated
macrophages, as up-regulation of fatty acid oxidation (by these PPARs) causes
macrophages to develop an alternatively activated phenotype [286]. Furthermore,
PPAR deficiency (in knockout mice) caused the loss of these anti-inflammatory
macrophage populations, and promoted susceptibility to metabolic diseases, such as
obesity-induced type 2 diabetes mellitus, non-alcoholic fatty liver disease [287], and

insulin resistance [288].

There are two subtypes of LXRs: LXR-a and -f. Analysis of gene lists generated from
the microarray analysis showed no difference in the fold change of Nrih3 and Nrlih2
(genes coding for LXR-a and -B, respectively) gene expression levels. For the PPARs,
there are three subtypes: PPAR-a, -f/6 and -y; which show distinct tissue distribution
and ligand specificities [289]. Analysis of the gene lists showed no difference in the
fold change of PPAR-a and PPAR-f/6 gene expression levels between the LPS-only
versus LPS and FhHDM-1 treated samples. However, the expression of PPAR-y was
differentially regulated after LPS and FnHDM-1 treatment, as compared to LPS-only
treatment. While the levels of PPAR-y gene expression were down-regulated in
response to LPS stimulation (fold changes of -5.33 and -8.4 for 6 and 24 h, respectively;
Table 4.1), treatment of macrophages with FhHDM-1 prior to stimulation with LPS
resulted in a significant increase in the expression levels of PPAR-y (fold changes of
2.5 and 4.0 for 6 and 24h, respectively; Table 4.1). These combined observations of
altered gene expression and predicted pathway activation, suggest that FiHDM-1 may

be acting as a PPAR-y agonist to mediate its anti-inflammatory effects.
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Figure 4.4 FhHDM-1 represses pro-inflammatory signalling pathways. Generated
gene lists of LPS versus untreated and LPS versus LPS and FnHDM-1 treatment were
analysed with Ingenuity Pathway Analysis® to identify signalling pathways regulated
by FhHDM-1 in the presence of LPS at (A) 6 and (B) 24h. The top 30 signalling
pathways were ranked by the activation Z-score (with blue and orange indicating up-
and down-regulation, respectively, of the signalling pathway by FhRHDM-1).
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Table 4.1 FhHDM-1 up-regulates PPAR-y gene expression in response to LPS in

murine macrophages.

Time point () vatment ) (Tratment 19 Tosment 2 (Testment 1% Tretment 2
6 LPS vs Untreated 1(-5.33) 3 8]E-09
24 LPS vs Untreated 1 (-8.4) 5. 54F-10
6 LPS+FhHDM-1 vs LPS 1(2.5) 4.02E7
24 LPS+FhHDM-1 vs LPS 1(4.0) 1.62E-%8

LPS: Lipopolysaccharide; t and | denotes up- and down-regulation, respectively.
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4.4 Assessment of the effect of FhRHDM-1 as a PPAR-y agonist

LXR and PPAR-y agonists elicit overlapping, but distinct, repression patterns of
specific pro-inflammatory genes in macrophages stimulated with various TLR ligands.
Therefore, the differential expression of inflammatory genes is commonly utilised as a
mechanism to elucidate a specific agonistic effect. For example, when macrophages are
stimulated with LPS (TLR-4 ligand), iNOS gene expression levels are down-regulated
by both LXR and PPAR-y agonists, whilst only down-regulation of iNOS is observed
with LXR agonists when macrophages are stimulated with Poly (I:C) (TLR-3 ligand)
[280]. Furthermore, LXR agonists only reduce the gene expression levels of /L1 when
macrophages are stimulated with LPS [and not Poly (I:C)]; whilst PPAR-y agonists
have no effect on the gene expression levels of /L1f, in response to LPS or Poly (I:C)
stimulation of macrophages [280]. Thus, in order to confirm the predicted agonist effect
of FhHDM-1 treatment, qRT-PCR was performed to quantify /LIS and iNOS gene
expression levels in BMDMs treated with FiHDM-1, and subsequently stimulated with
LPS or Poly (I:C) (Section 2.7.2). The genes were normalised to Stx5a expression levels,
as it was identified to be the most stable reference gene expressed across the samples
(Section 2.7.4). Consistent with the behaviour of a PPAR agonist, /L1 expression
levels were unchanged in the presence of FhRHDM-1, in response to both LPS and Poly
(I:C) (Fig 4.5A). Furthermore, the expression levels of iNOS were significantly reduced
by FhHDM-1 in response to LPS, but not in response to Poly (I:C) (Fig. 4.5B). This
differential expression of genes in FhHDM-1 treated cells, is consistent with this

peptide functioning as a PPAR-y agonist.
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Figure 4.5 FhHDM-1 selectively down-regulates pro-inflammatory genes in
response to TLR-4 and TLR-3 ligands. BMDM s (1 x 10° cells/ml) were treated with
FhHDM-1 (2.5uM) for 1h, washed twice with saline, and then treated with LPS
(10ng/ml) or Poly (I:C) (50ng/ml) for 6h at 37°C. Messenger RNA was isolated, cDNA
synthesised, and expression levels were analysed by quantitative real time RT-PCR.
Fold changes in expression levels of (A) IL1f and (B) iNOS were calculated using the
AAC; method. Genes were normalised to expression levels of Stx5a. Data is
representative of four (A; LPS) and two [A; Poly (I:C)] and five (B; LPS) and three [B;
Poly (I:C)] independent experiments, and is expressed as means + SEMs (statistical
significance was determined using a comparison to the gene expression levels after LPS
or Poly (I:C) only treatment of macrophages; * p < 0.05).
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The down-regulation of 7nf gene expression levels in macrophages has been observed
with PPAR-y agonists in response to both LPS and Poly (I:C) treatment of macrophages
[290]. Consistent with the premise that it functions as a PPAR-y agonist, FiHDM-1 has
the ability to intracellularly modulate LPS stimulated macrophages to prevent the
secretion of TNF (Section 4.2, Fig. 4.1B). In addition, FhHDM-1 reduced the
production of TNF by macrophages in response to Poly (I:C) treatment, in a
concentration dependent manner, in both non-washed and washed cells (Fig. 4.6A and
B, respectively; Section 2.4.1). Furthermore, this inhibitory effect was also observed in
peritoneal macrophages isolated from mice that had received intraperitoneal injections
of FhRHDM-1, and then stimulated ex vivo with Poly (I:C) (Fig. 4.6E; Section 2.4.1.2).
These data indicate that FhRHDM-1 exerts intracellular activity, and provides further

evidence that the peptide is functioning as a PPAR-y agonist.

Both LPS and Poly (I:C) signal through an adaptor protein, termed TRIF, for the
production of pro-inflammatory interferons [291, 292]. The production of one of these
interferons, IFN-f, in response to LPS and Poly (I:C) is negatively regulated by PPAR-
vy agonists [293]. To determine whether FRHDM-1 also reduced the production of IFN-
B by macrophages stimulated with both inflammatory ligands, an ELISA was
performed. In support of the gene expression data, FhlHDM-1 significantly inhibited the
secretion of IFN-f3 by macrophages in response to both LPS (Fig. 4.6C) and Poly (I:C)
(Fig. 4.6D), in a concentration dependent manner. The inhibitory effect was also
observed in peritoneal macrophages isolated from FhHDM-1- treated mice and
stimulated ex vivo, (Fig. 4.6F). These data again support the IPA prediction that
FhHDM-1 functions as a PPAR-y agonist.
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Figure 4.6 FhHDM-1 inhibits the production of pro-inflammatory cytokines, TNF
and IFN-B, by LPS and Poly (I:C) stimulated murine macrophages. BMDMs (1 x
10° cells/ml) were treated with FkHDM-1 (at various concentrations) for 1h and then
(A,D) treated immediately or (B) washed twice with saline prior to O/N stimulation
with Poly I:C (20pg/ml) at 37°C. (C) BMDMs (1 x 10° cells/ml) were treated with
FhHDM-1 peptide (at various concentrations) for 1h and then stimulated with LPS
(10ng/ml) for 3h at 37°C. (E,F) BALB/c mice (n=20) were injected i.p. six times with
100ul of 0.1mg/ml of FhRHDM-1 every second day prior to isolation of peritoneal
macrophages. Cells were stimulated with Poly (I:C) (20pg/ml) and incubated for 18h
at 37°C. Cell supernatants were assayed for TNF and IFN-B. In A and B data was
converted to percentage values with LPS-only stimulation samples adjusted to 100%.
Data is the combination of four independent experiments (A,B) and three biological
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replicates (C,D). Data for E and F is collated from twenty mice. Error bars represent
means + SEMs (statistical significance was determined using comparisons to the levels
of cytokines secreted by LPS- or Poly (I:C)-only samples; * p < 0.05, ** p <0.01, ***
p <0.001, **** p <0.0001).
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Sequences for HDM-like peptides have been identified in the genome of all mammalian
trematodes (Chapter 3, Section 3.3 and [199]). In addition, the analysis of changes in
gene expression levels in macrophages treated with the synthetic HDM derived from
the helminth parasite, Opisthorchis viverrini (Ov-HDM), showed that it regulated the
gene expression of naive macrophages in the same way as Fasciola FnHDM-1 (Chapter
3, Section 3.3, Table 3.2 and Section 3.4, Table 3.3), supporting a common mechanism
of action for the parasite HDMs. Given the observation that FRHDM-1 was displaying
PPAR-y agonist activity, the repression of pro-inflammatory genes in macrophages
treated with Ov-HDM was also assessed. Consistent with the result reported for
FhHDM-1, the expression levels of /L/f in response to LPS stimulation was unaffected
by the pre-treatment of macrophages with Ov-HDM (Fig. 4.7A), whilst iNOS
expression was down-regulated (Fig. 4.7B). Although preliminary, this observation
suggests that the family of parasite-derived HDM peptides exert similar biological

activity in macrophages.

119



A IL1p B iNOS
2000- 2000001
s =
2 1500- T 'S 150000- o
e ) *okokok -
-] @
20 1000- 2 100000
< -]
g g
!; 500- = 50000-
(=]
= =
0- 0-
LPS - + + + LPS - + + +
FhHDM-1 - - + - FhEDM.1 - - + -
OvHDM - - - + OovHDM - - - +

Figure 4.7 The helminth cathelicidin-like peptide from Opisthorchis viverrini also
selectively down-regulates pro-inflammatory gene expression in macrophages in
response to TLR-4 and TLR-3 ligands. BMDM s (1 x 10° cells/ml) were treated with
FhHDM-1 or Opisthorchis viverrini peptide (Ov-HDM; 2.5uM) for 1 h, washed twice
with saline, and then treated with LPS (10ng/ml) for 6h at 37°C. Messenger RNA was
1solated, cDNA synthesised, and the gene expression levels were analysed by qRT-PCR.
Fold change in expression of (A) //15 and (B) iNOS was calculated using the AAC;
method. Genes were normalised to Stx5a expression levels. Data for FhHDM-1 is
representative of four (A) and five (B) independent experiments. Data for Ov-HDM
was from three biological replicates and is expressed as means = SEMs (statistical
significance was determined using a comparison to the gene expression of LPS only
samples ** p <0.01, **** p <0.0001).

120



4.5 Discussion

This chapter further characterised the anti-inflammatory effects of FhnHDM-1, and
identified a selective down-regulation in the expression levels of pro-inflammatory
genes when macrophages were exposed to the TLR-3 and TLR-4 ligands, Poly (I:C)
and LPS, respectively (Section 4.4). This finding validated the global gene expression
data, which predicted that FhHDM-1 treatment of macrophages promoted the activation
of PPAR-y signalling in response to TLR stimulation (Section 4.3).

While in silico analyses also predicted that the LXR/RXR pathway was induced, there
was no evidence of enhanced expression levels of LXR genes in macrophages treated
with both FRHDM-1 and LPS (Section 4.3). Further consideration of the alterations to
expressed genes suggests that the prediction of LXR agonist activity may be due to
common anti-inflammatory activities by LXRs and PPARs [280, 290]. Similar genes
are repressed by both nuclear receptors, with iNOS being a common gene down-
regulated by both LXR and PPAR-y agonists [280] (and by FhHDM-1, as seen in
Section 4.4, Fig. 4.5B). Furthermore, analyses of the genes from the LXR and PPAR
pathways that were regulated by FhHDM-1 in LPS-stimulated macrophages showed
that 11 genes were shared between both pathways. Due to this commonality, the
pathway analysis likely predicted the activation of the LXR nuclear receptor. The
subsequent and more comprehensive analysis of differential gene expression using
different ligands, however, suggested that FlHDM-1 is unlikely to be using LXRs to
mediate its inhibitory effect on macrophages. Thus, for the first time, the data produced
here supports a hypothesis that FRHDM-1 is acting as a PPAR-y agonist to mediate its

anti-inflammatory effect.

Despite the evidence of differential gene expression induced by FhRHDM-1, used here
to support the predicted PPAR-y agonist effect, there is contradiction in the literature
as to which genes are selectively regulated by PPAR-y agonists. The choice of genes
used for the FhRHDM-1 study was based on multiple studies by Ogawa et al., which
reported specific regulation of pro-inflammatory genes by PPAR-y agonists in response
to LPS and Poly (I:C) [280, 290]. This included the down-regulation of 7nf gene

expression in macrophages in response to LPS and Poly (I:C); iNOS gene expression in
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macrophages in response to LPS, but not Poly (I:C); and no effect on the gene
expression of /LIS, in response to both LPS and Poly (I:C) [280, 290]. This is in
agreement with studies using the PPAR-y agonists, Pioglitazone (in human monocytes)
[294] and 15-Deoxy-A'*!*-prostaglandin J (in murine macrophages) [295], which both
reported inhibition of TNF production, in response to LPS. In contrast, it has been
reported that the PPAR agonist, Troglitazone, does not suppress TNF production by
macrophages in response to either LPS or Poly (I:C) [293]. Similarly, while the PPAR-
v agonists, GW7845 [290] and GW1929 [296, 297], suppress the production of I[L-6 by
LPS and Poly (I:C) stimulated murine macrophages, no inhibition of IL-6 protein
secretion was observed in macrophages treated with Troglitazone [293]. Given these
contrasting activities, to definitively prove an agonist effect for FhlHDM-1, a direct

measurement of PPAR activation should be completed.

To date, the mechanism of PPAR-y trans-repression of genes is shown to involve a
series of processes. Firstly, PPAR-y agonists stimulate PPAR-y to become
SUMOylated (a process in which small ubiquitin-like modifier [SUMO] proteins attach
to lysine residues in target proteins) [295]. Consequently, PPAR-y blocks the release of
nuclear receptor corepressor (NCoR) complexes [286], which are critical for actively
silencing inflammatory genes within resting macrophages [286]. Thus, chromatin
immunoprecipitation (ChIP) assays could be performed to determine whether FhRHDM-
1 prevents NCoR clearance and induces PPAR-y recruitment to the promotor of iNOS

(the gene observed to be inhibited by FnHDM-1).

The activation of PPAR-y in macrophages has been linked to the alteration of metabolic
activity within cells, specifically mediating a switch towards the use of oxidative
phosphorylation rather than glycolysis. Importantly, the induction of glycolytic
pathways is associated with the development of pro-inflammatory M1 macrophages
[268], which are known to mediate a number of autoimmune diseases, such as T1D and
MS [34]. Although there is no evidence directly reporting the attenuation of these
diseases through modulation of macrophage metabolism, there is some evidence that
agents, such as anti-glycolytics and antioxidants, regulate immune-metabolism and
have therapeutic potential for the treatment of immune-mediated disease. For example,
the anti-glycolitic, Rapamycin, an immunosuppressant drug widely used during organ

transplantation [298], inhibits glucose metabolism and has shown efficacy in inhibiting
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the development of murine MS [299]. Antioxidants scavenge and reduce the reactive
oxygen species (ROS) that exacerbate autoimmunity [300]. Such examples of their
therapeutic effect in autoimmunity include: epigallocatechin-3-gallate (found in green
tea) ameliorated murine MS [301]; Resveratrol protected mice from developing
rheumatoid arthritis [302]; and manganese prophyrins decreased aerobic glycolysis and
prevented the development of T1D in mice [303-305]. With evidence highlighting the
importance of metabolic activity in macrophage functions, and the involvement of
PPAR-y in this process, the likelihood that FRHDM-1 modulates metabolic activity to
influence the inflammatory state of macrophages, and thus prevent immune mediated

disease such as T1D and MS, warrants further investigation.

The use of PPARY agonists has been widely acknowledged as an effective treatment
strategy for inflammatory disorders, including type 2 diabetes mellitus [306] and
dyslipidemia [307]. There is emerging evidence that PPAR-y agonists have therapeutic
potential in autoimmune/inflammatory disorders, such as psoriasis and psoriatic
arthritis [308], inflammatory bowel diseases [309, 310], and RA [311, 312].
Experimentally, PPAR-y agonists, have been shown to significant reduce the incidence
of both TID [313-317], and MS [318-322] in murine models. In clinical studies,
patients with established T1D, who received the PPAR-y agonist, Pioglitazone, showed
moderate improvements in glycemic control [323-325]. In trials testing Pioglitazone in
patients with relapsing remitting MS, there was no significant difference on the
expanded disability status scale (used to quantify MS development) between the
placebo and treatment groups after a year, however, magnetic resonance images showed
reduced atrophy and lesions in those receiving Pioglitazone [326]. There have also been
population-based studies that have associated PPAR-y polymorphisms with delayed
onset of MS in patients [327]. Although the precise mechanisms of action of such
PPAR-y agonists is not yet known, there is an overall dampening of the pro-
inflammatory immune responses [289], which is an effect observed when FhHDM-1

has been used to protect mice from autoimmune disease.

123



Chapter 5: Determining the minimal bioactive

derivative of FhHDM-1
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5.1 Introduction

As previously described (Section 1.7), FRHDM-1 is a 68mer alpha helical peptide with
an amphipathic C-terminus. Biochemical analysis showed that mammalian lysosomal
cathepsin L, cleaved the full-length peptide to release a 21mer amphipathic C-terminal
region (termed FhHDM-1.p2), which, in turn, inhibited lysosomal vATPase activity in
vitro [215]. Disruption of the alpha helix structure, or the amphipathicity of FhHDM-
1.p2, abolished biological activity [215]. Collectively, this data suggested that this
21mer amphipathic C-terminal region was the bioactive portion of FnHDM-1 [215].
However, when macrophages were treated with FRHDM-1.p2, an inhibitory effect on
lysosomal function was not observed [221]. Furthermore, FhHDM-1.p2 did not protect
NOD mice from developing T1D (Donnelly et al., unpublished data). Therefore, whilst
the biological activity of FlHDM-1 was clearly attributable to the presence of the alpha
helix amphipathic C-terminus, the cellular and in vivo data suggest a requirement for
all, or part, of the N-terminus for binding, uptake and delivery of the bioactive C-
terminus to the lysosome of macrophages. Exposure of the full length FhRHDM-1 to the
Cathepsin L1 cysteine protease secreted by F. hepatica, also resulted in cleavage of the
peptide and the release of the p2 peptide [199]. However, like the lysosomal Cathepsin
L, this only occurs at an acidic pH, which may reflect a mechanism by which the

helminth parasite controls the activation of the FRHDM-1 peptide.

Cell-penetrating peptides (CPPs) are a group of small peptides, which promote the
transport of molecular cargo across the plasma membrane, thereby providing cellular
and subcellular specificity [328, 329]. Structurally, CPPs can be linear, cyclic, cationic
(rich in R and K residues), anionic, hydrophobic, hydrophilic, amphipathic, non-
amphipathic, random-coiled, a-helical, or B-sheet in formation [330]. However, more
than half of the known CPPs contain amphipathic a-helices [331]. Notably, the N-
terminal region of FNRHDM-1 contains a high proportion (33.4%) of R and K residues,
and its predominant secondary structure adopts an alpha helical formation. This
observation, combined with the cellular analysis, suggests that a CPP exists within the
sequence of FhHDM-1, and that this structure is required for the internalisation of

FhHDM-1.
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To investigate the existence of a CCP region, the sequence of FKIHDM-1 was assessed
by the predictive software, CPPpred [238] (Fig. 5.1A), which ranks peptides from 0 to
1, according to predictive algorithms that determine the probability that a peptide is
cell-penetrating (Section 2.8). Scores closer to 1 indicate that CPPpred is more
confident that the peptide will be cell-penetrating, while scores closer to 0 suggest that
the peptide is highly unlikely to be cell-penetrating. To locate any potential CPP
domains within FnHDM-1, the sequence was analysed in three sections: the N-terminus,
the middle section, and the amphipathic C-terminus. In agreement with the cellular
assays, the C-terminus was awarded a score of 0.255. Similarly, the 14 amino acid
sequence from N-terminus (FhHDM-1.N) was also given a low score (0.319). However,
analysis of the middle peptide section (FhHDM-1.M) generated a score of 0.682,
indicating the likely presence of a CPP sequence in FhnHDM-1. Further analysis of
different amino acid sequences within this region revealed that a sequence of 5 amino
acids, ‘KARDR’, located to the N-terminus side of the amphipathic region, generated
the highest score (0.799). Based on this analysis, a series of peptide derivatives of
FhHDM-1 were synthesised (kindly provided by Prof. John Dalton, Queen’s University,
Belfast, Ireland) for assessment of cellular uptake and biological activity (Fig. 5.1B).
Throughout this chapter FRHDM-1.p2 has been termed FhHDM-1.C1.
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Peptide description Sequence Score (0-1)
FhHDM-1.N SEESREKIRESGRK 0.319
FhHDM-1.M SGRKMVKALRDAVTKAYEKARDRAMAYLA 0.682

Ampbhipathic helix region ITEVITILLNRLTDRLEKYAG 0.255
Carrier-protein KARDR 0.799
Carrier-protein + 4AA towards N- KAYE R 0.523
terminus (FhHDM-1.C3) ’
Carrier-protein + 2AA towards N- YEKARDR 0.429
terminus (FhHDM-1.C4) ’
Truncated FhHDM-1.C1 AMAYLAKDNLGEKITEVITILLNRLTDRLE 0.258

FhHDM-1 SEESREKLRESGRKMVKALRDAVTKAYEKARDRAMAY LAKDNLGEKITEVITILLNRLTDRLEKYAGN

FhHDM-1.M SGRKMVKALRDAVTKAYEKARDRAMAYLA

FhHDM-1.N SEESREKLRESGRK

FhHDM-1.C1 AMAYLAKDNLGEKITEVITILLNRLTDRLEKYAGN
FhHDM-1.C2. KARDRAMAYLAKDNLGEKITEVITILLNRLTDRLEKYAGN
FhHDM-1.C3 KAYEKRARDRAMAYLAKDNLGEKITEVITILLNRLTDRLEKYAGN
FhHDM-1.C4 YEKARDRAMAYLAKDNLGEKITEVITILLNRLTDRLEKYAGN
FhHDM-1.C5 KARDRAMAYLAKDNLGEKITEVITILLNRLTDRLEK

Figure 5.1 A sequence of 5 amino acids located to the N-terminus side of the
amphipathic region of FhHDM has cell-penetrating capability in silico. (A) An in
silico analysis was conducted using CPPpred, where different sections of the full length
FhHDM-1 were scored for cell-penetrating capability. A score above 0.5 suggests that
the peptide is cell-penetrating. Scores closer to 1 indicate a higher confidence that the
peptide will be cell-penetrating, and scores closer to 0 suggest that the peptide is very
unlikely to be cell-penetrating. (B) Sequences were derived from the full-length
FhHDM-1 using CPPpred analysis. FRHDM-1.M is the middle section, which excludes
both the amphipathic helix and the end terminus. FhRHDM-1.N is the N-terminus of the
peptide, and FhHDM-1.C1 (also known as FhHDM-1.p2) is the C-terminus section.
Variations of the FRHDM-1.C1 peptides were designed based on the CPPpred analysis,
where an additional 5 amino acids (carrier protein-like sequence) towards the N-
terminus were included (indicated in red). FhHDM-1.C3 and FhHDM-1.C4 include an
additional 4 and 2 amino acids, respectively (indicated in green), whilst FhRHDM-1.C5
is a truncated form of FRHDM-1.C2 from the C-terminus.
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5.2 Assessment of the ability of FhHDM-1, and its peptide derivatives, to inhibit
TNF cytokine secretion by LPS stimulated macrophages

To initially screen the bioactivity of the FRHDM-1 peptide derivatives, their ability to
inhibit the production of TNF by macrophages stimulated with LPS was assessed. RAW
264.7 macrophages were treated with FhlHDM-1, or the various peptide derivatives
(15uM), for 1h, prior to O/N stimulation with LPS (10ng/ml) (Section 2.4.1). As
expected, treatment of macrophages with LPS induced the production of TNF (6332 +
177 pg/ml), which was significantly reduced when cells were pre-treated with the full
length FhHDM-1 (3832 + 336 pg/ml; p= 0.0060; Fig. 5.2A). While the amphipathic
FhHDM-1.p2 peptide (here termed FhHDM-1.C1) displayed an inhibitory effect, in
agreement with previous cellular assays, this effect was significantly less pronounced
than that observed for the full-length peptide (p=0.0258). Also consistent with previous
observations, peptides missing some (FhHDM-1.C5) or all (peptides N and M) of the
amphipathic helix showed no inhibitory effect on TNF production. However, the
addition of the N-terminal ‘KARDR’ sequence to the amphipathic C-terminus (i.e.
FhHDM-1.C2; Fig. 5.2A) inhibited TNF production to the same extent as the full length
FhHDM-1. Extension of this N-terminal sequence (FhHDM-1.C3 and C4) did not
enhance the biological activity any further. These data suggest that the amino acid
sequence KARDR may represent an essential cell penetrating sequence, which directs

the peptide to the lysosome.

As FhHDM-1.C2 was the shortest sequence that inhibited TNF production, and
therefore the minimal bioactive derivative, this peptide was selected for further analysis.
Comparison of log-doses of FhRHDM-1 and FhHDM-1.C2 (Fig. 5.2B; Section 2.4.1)
showed no difference in the activity of these peptides. As shown in Figure 5.2B, the
curves for both peptides were identical (p = 0.0990), revealing no difference in the
EC50s (0.8215 and 0.9846 for FhHDM-1 and FhHDM-1.C2, respectively). This
suggested that FRHDM-1.C2 exerted similar inhibitory activity, as compared to the full-
length peptide.
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Figure 5.2 The complete amphipathic helix and the N-terminal amino acids of
FhHDM-1 are required for the suppression of TNF production by LPS stimulated
RAW 264.7 macrophages. (A) RAW 264.7 macrophages (1 x 10° cells/ml) were
treated with FhHDM-1, or the peptide derivatives (15uM), for 1h prior to O/N
stimulation with LPS (10ng/ml). Cell supernatants were assayed for TNF. Data is
representative of two independent experiments and expressed as a means of triplicates
+ SEMs (statistical significance represents a comparison to the levels of TNF secreted
by LPS-only samples; * p < 0.05, ** p < 0.01). (B) RAW 264.7 macrophages (1 x 10°
cells/ml) were treated with FhRHDM-1 and FhHDM-1.C2 at various concentrations for
1h prior to O/N stimulation with LPS (10ng/ml). Dose response curves were generated
by adjusting LPS-only stimulation to 100%, and then calculating the amount of TNF
produced by LPS stimulated macrophages in the presence of FRHDM-1 and FhHDM-
1.C2 as percentages. Data is the combination of three independent experiments and
expressed as means + SEMs.
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It has been previously shown that FlHDM-1 binds LPS, an ability that is mediated by
the presence of the amphipathic region [199, 214]. Therefore, any inhibitory effect on
the ability of macrophages to produce pro-inflammatory cytokines may be attributable
to the ability of FRHDM-1 peptide derivatives to bind LPS, and hence prevent pro-
inflammatory stimulation of macrophages. To demonstrate that FRHDM-1.C2 was not
simply ‘mopping up’ LPS, thereby preventing its ability to stimulate macrophages, cells
were incubated with the peptides for 1h, and then washed to remove excess peptide,
prior to the addition of LPS (Section 2.4.1). Under these experimental conditions,
FhHDM-1 and FhHDM-1.C2 retained their ability to significantly inhibit TNF
production in response to LPS stimulation, in both RAW 264.7 macrophages and
BMDMs (Fig. 5.3). In comparison, FlHDM-1.C1 had no inhibitory effect on TNF
production (Fig. 5.3B), which supports the premise that the C-terminal region alone is
not effectively internalised by macrophages. Collectively, these data suggest that the
ability of the peptides to prevent LPS stimulation of macrophages is not attributable to
LPS binding. Rather these data indicate that the ‘KARDR’ sequence mediates the
uptake and lysosomal localisation of FhHDM-1 and FhHDM-1.C2, resulting in the

inhibition of intracellular signalling pathways.

130



A B
100+ —_
z z
= 804 =
w 72}
R =%
-~ 601 -
e ]
o o
& 404 =
g 2
Z o0l g
g 20 =t
N X

0 T
-@b
2:"
&
QQ

Figure 5.3 FhHDM-1 and FhHDM-1.C2 directly modulate macrophage function
to prevent TNF production. (A) RAW 264.7 macrophages and (B) BMDMs (1 x 10°
cells/ml) were treated with FnHDM-1 and FhHDM-1.C2 (15uM) for 1h, and then
washed with saline twice, prior to O/N stimulation with LPS (10ng/ml). Cell
supernatants were assayed for TNF secretion. Data was converted to percentage values
with LPS-only stimulation samples adjusted to 100%. Data is the combination of three

and two, (A) and (B), respectively, independent experiments and expressed as means +
SEMs (*¥* p <0.01, *** p <0.001, **** p <0.0001).
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5.3 Determination of FhRHDM-1 and FhHDM-1.C2 cytotoxicity

Mammalian cathelicidin peptides function as effective antimicrobial agents by inserting
into bacterial membranes to induce cell death. However, this ability also makes
cathelicidin peptides cytotoxic to mammalian cells [210]. It has previously been shown
that, despite having similar structural features to the mammalian cathelicidins,
FhHDM-1.C1 neither displayed bactericidal activity nor cytotoxicity to mammalian
cells [210]. However, to ensure that the addition of the ‘KARDR’ sequence did not
introduce a cytotoxic effect, the uptake of TOPRO-3 by peptide-treated cells was
measured [210]. When a cell is undergoing death, the plasma membrane is
compromised allowing uptake of the fluorescently labelled TOPRO-3. Thus, RAW
264.7 macrophages incubated with TOPRO-3 were analysed by flow cytometry for
6000msec (Fig. 5.4A; Section 2.5.5.1). Peptides were then added to the cells (20uM; as
indicated by the red arrow on Fig. 5.4A), and the continued uptake of TOPRO-3 was
recorded for a total of 28000msec. As expected, the addition of saline (negative control)
to cells did not alter the uptake of TOPRO-3, whilst treatment with CRAMP (murine
cathelidicin) immediately and significantly increased the fluorescent signal, indicating
instant cellular death. In comparison, and as previously described, FhHDM-1.C1
induced only a marginal increase in TOPRO-3 fluorescence. Similarly, the full length
FhHDM-1 and FhHDM-1.C2 induced minimal cell death, with only a slight increase in

fluorescence being observed, as compared to treatment of macrophages with CRAMP.

To confirm these results, the release of lactate dehydrogenase (LDH; a soluble cytosolic
enzyme released upon loss of membrane integrity) was also measured (Section 2.4.2.1).
RAW 264.7 macrophages were incubated with varying concentrations of FhHDM-1 or
FhHDM-1.C2 for 1h at 37°C. The amount of LDH released by macrophages was
calculated as a percentage, where complete cell lysis induced by a detergent (positive
control) was adjusted to 100%. Saline and DMSO (vehicle controls), were used as
negative controls to determine baseline levels of LDH released by resting cells (Fig.
5.4B; blue horizontal line). Neither the full length FhRHDM-1 nor the FhHDM-1.C2
peptide (even at a concentration of 20uM) resulted in a significant release of LDH
above baseline levels (in the presence of saline or DMSO). These data corroborated the

data using TOPRO3 to assess cell death. Therefore, FhHDM-1 and FhHDM-1.C2 were
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not cytotoxic to macrophages, and, therefore, their ability to inhibit TNF production by

macrophages could not be attributed to the induction of cell death.
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Figure 5.4 FhHDM-1 and FhHDM-1.C2 are not cytotoxic to macrophages. (A)
RAW 264.7 macrophages (1 x 10° cells/ml) were analysed by flow cytometry for the
uptake of the vital fluorescent dye, TOPRO-3. Fluorescence was recorded for the first
6000msec, and then peptides (FhHDM-1, FhHDM.C1, FhHDM.C2 [20uM], or
CRAMP [50uM]) were added, as indicated by the red arrow. The uptake of TOPRO-3,
was measured for a further 28000msec. Data shown is representative of four
independent experiments. (B) RAW 264.7 macrophages (1 x 10° cells/ml) were
incubated with varying concentrations of FhHDM-1 and FhHDM-1.C2 for 1h. The
release of LDH by cells was measured and expressed as the percentage of cells treated
with lysis buffer (normalised to 100%). The blue horizontal line indicates baseline
levels of LDH released by DMSO treated cells. Data shown are representative of three
independent experiments and presented as means = SEMs.
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5.4 Assessment of the ability of FhHDM-1 and FhHDM-1.C2 to bind murine

macrophages

The mechanisms by which CPPs promote the uptake of associated molecules are
influenced by the physico-chemical properties of the penetrating peptide, the associated
molecular cargo, and the type of cell/tissue. Two general models of uptake have been
proposed: (i) energy-independent translocation across the plasma membrane to the
cytosolic compartment [332, 333], and (ii) endocytosis [334, 335]. It has already been
established that the uptake of FNHDM-1 by macrophages occurs via energy dependent
endocytosis [215]. To determine whether the addition of the ‘KARDR’ sequence to the
amphipathic C-terminus of FRHDM-1 is sufficient to mediate uptake and targeting to
the endolysosome, the binding and localisation of fluorescently labelled FhHDM-1.C2
was investigated. As previously described (Section 2.2.2), FhHDM-1.C2 was
fluorescently labelled with Alexa Fluor 488 (direct detection) or synthesised with a

biotin tag (indirect detection using an Alexa Fluor 488-labelled streptavidin).

To determine the ability of the peptide to bind to macrophages, and to assess the
contribution of any passive uptake, RAW 264.7 macrophages were incubated with
biotin-labelled FhHDM-1.C2 (5uM) at 4°C for 30min (Section 2.5.4.2). As a
comparative control, the binding of a biotin-labelled FhHDM-1.C1 to macrophages was
also assessed. The incubation was conducted at 4°C to decrease the metabolism of
macrophages, which allows discrimination of peptide/macrophage interaction from
active uptake of the peptides. The addition of FRHDM-1.C1 resulted in a small, yet
significant, increase in the fluorescence of macrophages, as compared to controls
(p=0.0167; Fig. 5.5B), suggesting an interaction. However, the addition of FhHDM-
1.C2 resulted in a much greater increase in fluorescence levels (p = 0.0028; Fig. 5.5B).
This significant difference in the peptides binding capabilities is further reflected by the
large differences in MFIs (390 + 30 and 2048 + 101, for FhHDM-1.C1 and FhHDM-
1.C2, respectively; p = 0.0020; Fig. 5.5B). This data confirms the predictive CPP
analysis that the addition of the ‘KARDR’ sequence enhances the ability of the peptides

to interact with macrophages.
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To further confirm that FhRHDM-1.C2 was binding to macrophages, and to compare its
binding ability to the full length peptide, RAW 264.7 macrophages and BMDMs were
incubated with Alexa Fluor 488 labelled FhHDM-1 and FhHDM-1.C2 (2.5uM) at 4°C
for 30min (Section 2.5.4.1). As expected, the peptides interacted with both cell types,
as indicated by the increased fluorescence of the cells, as compared to controls (Fig.
5.5C,E). From these data sets, the MFIs of FhRHDM-1 samples in both cell types were
significantly greater, as compared to FRHDM-1.C2 samples (Fig. 5.5D,F). While this
observation suggests that the shorter C2 peptide may bind with less efficiency, this data
must be interpreted with caution. To fluorescently label these peptides, the Alexa Fluor
tag is attached to the primary amines of amino acids [336]. With FhlHDM-1.C2 being a
much shorter sequence, there is likely less dye attached, as compared to the full-length
peptide, which in the flow cytometric analysis may present as reduced fluorescence,
and hence be interpreted as reduced binding, even though the amount of Alexa-Fluor
dye may not necessarily equate to the number of peptides that have bound to the cells.
In comparison, the biotin-labelled peptides (Figure 5.5A) were synthesized to have only
a single biotin moiety per molecule, thereby allowing quantitative comparisons of
binding. Therefore, a quantitative comparison of binding cannot be made between these
two peptides using this experimental approach. However, as there was a significant
increase in fluorescence intensity as compared to the unstained samples, it can be

concluded that both FhHDM-1 and FhHDM-1.C2 bind to macrophages.

It has been recently reported, that the murine cathelicidin, CRAMP, has the ability to
prevent T1D in murine models. The ability of CRAMP to prevent autoimmunity was
attributed to its interaction with the epidermal growth factor receptor (EGFR), which
was expressed on intra-islet macrophages [337]. Through its interaction with EGFR,
CRAMP was able to induce regulatory macrophages, which subsequently activated
disease protective Tregs [337]. Due to their classification as cathelicidin-like peptides,
FhHDM-1 and FhHDM-1.C2 were thus assessed for their ability to interact with EGFR.
Here, baby hamster kidney (BHK) cells that had been transfected to express either low
or high levels of EGFR (provided by Professor Thomas Valerius from Christian-
Albrechts-University and University Hospital Schleswig-Holstein, Germany) were
incubated with Alexa Fluor 488-labelled FhHDM-1 or FhRHDM-1.C2 (2.5uM) at 4°C
for 30min (Section 2.5.4.1). The BHK cells were also confirmed for their high- or low-

expression of EGFR via flow cytometry (Section 2.5.3.5). There was no difference in
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the quantity of Alexa Fluor 488 fluorescence detected using either EGFR high- or low-
expressing cells. These data suggest that there was no increase in the levels of FhkHDM-
1 binding with increased levels of EGFR expression (Fig. 5.5G). Similarly, there was
no difference in fluorescence levels between the EGFR high or low expressing cells
after co-culture with FhRHDM-1.C2 (Fig. 5.5H). Therefore, it can be concluded that
neither FKAHDM-1 nor FRHDM-1.C2 interact with EGFR. Interestingly, cells incubated
with FhHDM-1 displayed a higher level of fluorescence than those treated with the
FhHDM-1.C2 derivative. This may indicate a differential preference between the
peptides for yet to be identified receptors, or a level of non-specific binding mediated

by the full-length peptide.
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Figure 5.5 FhHDM-1.C2 binds to murine macrophages to a similar extent as full
length FhHDM-1. (A) RAW 264.7 macrophages (1 x 10° cells/ml) were incubated
with biotin-labelled FnRHDM-1.C1 and FhHDM-1.C2 peptides (5uM) at 4°C for 30min.
To quantify peptide binding, an Alexa Fluor 488 labelled streptavidin was used. (C)
RAW 264.7 macrophages and (E) BMDMs (1 x 10° cells/ml) were incubated with
Alexa Fluor 488-labelled FhHDM-1 or FRHDM-1.C2 peptides (2.5uM) at 4°C for 30
min. (B), (D) and (F) are the mean fluorescence intensities (MFIs) from experiments
(A), (C) and (E), respectively. Baby hamster kidney cells with high (+) or low (-)
expression of EGFR (1 x 10° cells/ml) were incubated with Alexa Fluor 488-labelled
(G) FhHDM-1 or (H) FhHDM-1.C2 peptides (2.5uM) at 4°C for 30 min. Data is
representative of three (A,B), two (C,D), one (E,F), and two (G,H) independent
experiments. Data in (B), (D) and (F) expressed as means = SEMs (* p < 0.05, ** p <
0.01).
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Although the binding studies were conducted at 4°C (to prevent uptake of peptides),
flow cytometric analyses cannot distinguish between intra- and extra-cellular
fluorescence. Therefore, confocal microscopy was utilised to further investigate the
binding and internalisation of peptides. Due to high auto-fluorescence in the green
channel (which is utilised for the detection of peptide) BMDMs could not be used for
these experiments. Instead, RAW 264.7 macrophages were incubated with Alexa Fluor
488 labelled FNHDM-1.C2 (5uM) at 4°C for 15min (Fig. 5.6B,E) and 30min (Fig.
5.6C,F; Section 2.6.2.1). The cellular membrane was visualised using Alexa Fluor 647
Phalloidin (red), and the nucleus was stained with DAPI (blue). Compared to the
unstained control (Fig. 5.6A,D), there was intense green, punctate, fluorescence
distributed along the membrane (stained red), indicative of FhRHDM-1.C2 binding to
the cellular membrane, at both 15min (Fig. 5.6B,E) and 30min (Fig. 5.6C,F). This was
further confirmed by the overlay of images of the peptide and membrane staining,
which produced a yellow colour suggesting co-localisation (Fig. 5.6C). Quantitative
analyses suggested that, on average, 85 + 6% and 95 + 3% of macrophages had some
level of peptide binding at 15min and 30min, respectively. Of these macrophages that
exhibited peptide binding, approximately 13 = 4% and 14 + 2% of cells for 15min and
30min incubation times with peptide, respectively, were observed to have intra-cellular
FhHDM-1.C2. This suggests that there was some degree of passive uptake, however, it
can be concluded that the majority of the peptide was on the surface of the macrophage
membrane, indicating binding of the peptide. Overall, these microscopic analyses

corroborate the flow cytometry data that FhHDM-1.C2 binds to murine macrophages.
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Figure 5.6 FhHDM-1.C2 binds to murine macrophages. RAW 264.7 macrophages were incubated with Alexa Fluor 488 labelled FnHDM-1.C2
(5uM; green) at 4°C for 15min (B,E) and 30min (C,F), or were untreated (A,D). Confocal microscopy was conducted, where seven fields of view
were captured for each sample. The cells were stained for the membrane (red; Alexa Fluor 647 Phalloidin) and the nucleus (blue; DAPI). Images
are representative of seven fields of view, from two independent experiments. Scale bar: 30um (A-C) and Sum (D-F).
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5.5 Assessment of the internalisation of FhHDM-1 and FhHDM-1.C2 by murine

macrophages

To determine whether, after interacting with the macrophage membrane, FRHDM-1.C2
was actively internalised, RAW 264.7 macrophages were incubated at 37°C with Alexa
Fluor 488 labelled FhRHDM-1.C2 (5uM) over a time course of 15, 30 and 45min
(Section 2.6.2.2). For comparison, Alexa Fluor 488-labelled FRHDM-1 was incubated
with cells for 45 min. Images were taken via confocal microscopy, in which the
transmission detection (TD) was used to determine the outline of the cellular membrane,
whilst DAPI was used to visualise nuclei. In agreement with previously published data,
FhHDM-1 (green; Fig. 5.7B), was observed intracellularly at 45 min. Supporting the
possibility that the residues ‘KARDR’ served to transport the peptide intracellularly,
FhHDM-1.C2 was visualised intracellularly at all time points (Fig. 5.7C-E). However,
the numbers of cells positive for green peptide fluorescence was significantly lower at
45 mins, as compared to the earlier time points (Fig. 5.7E). Quantitative analysis
showed that 75 + 5% of cells were positive for FhHDM-1.C2 internalisation at 15min,

whilst there was only 25 + 6% positivity at 45min.

The internalisation of FRHDM-1.C2 at 15min was confirmed using the biotin labelled
FhHDM-1.C2. As shown in Figure 5.8A and 5.8B, green, punctate fluorescence was
observed within the cytoplasmic region of the cells, as compared to untreated controls
(Fig. 5.8B), verifying internalisation of FhHDM-1.C2 by macrophages (Fig. 5.8D).
Quantitative analysis determined that 99.6 +0.4% of cells had internalised FhHDM-
1.C2.
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Figure 5.7 FhHDM-1.C2 is internalised by murine macrophages, to a similar extent as the full length FhHDM-1. RAW 264.7 macrophages
were incubated with Alexa Fluor 488 labelled peptides (green) at 37°C. (A) untreated RAW 264.7 macrophages; (B) FRHDM-1 (2.5uM) for 45min;
or FKRHDM-1.C2 (5uM) for (C) 15min, (D) 30min and (E) 45min. Confocal microscopy was conducted, where seven fields of view were captured
for each sample, with images being representative of three independent experiments. The bottom panel shows a representative field of view; middle
panel shows a representative cell; and top panel shows a single cell with transmission view for visualisation of the cell membrane. Cells were also
stained for the nucleus (blue; DAPI). Scale bars in the top and middle panel are 8um and scale bars in the bottom panel are 12um.
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Figure 5.8 FhHDM-1.C2 is internalised by murine macrophages. RAW 264.7
macrophages were incubated with (A) biotin-labelled FRHDM-1.C2 (5uM; green) for
15min at 37°C. Alexa Fluor 488-strepdavidin was further used for detection of peptide.
(B) Higher magnification of cells from (A); (C) Untreated RAW 264.7 macrophages;
(D) secondary antibody only control. Confocal microscopy was conducted, where six
fields of view were captured. The cells were stained for the membrane (red; Phalloidin
Alexa Fluor 647) and the nucleus (blue; DAPI). Scale bar:12um.
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5.6 Assessment of lysosomal changes in macrophages induced by FhHDM-1 and
FhHDM-1.C2

Once internalised, FhRHDM-1 is known to localise to the lysosome. As in vitro
biochemical analysis revealed that the peptide inhibited lysosomal vATPase [215], it
was postulated that intracellularly FRHDM-1 prevented the acidification of lysosomes
to mediate its effect. To determine definitively whether FhRHDM-1 raised lysosomal pH,
and whether FKRHDM-1.C2 mimicked this effect, a fluorescent dye, Lysosensor, was
utilised. This dye is a ratiometric probe used to indicate the pH of lysosomes; where it
produces blue fluorescence in more neutral and alkaline environments, but fluoresces
yellow, in more acidic environments. RAW 264.7 macrophages were incubated with
either FhAHDM-1 or FhHDM-1.C2 (15uM; 30min at 37°C), washed twice with saline
(to remove any excess peptide), incubated with Lysosensor, and then analysed by flow
cytometry (Section 2.5.5.2). The dead cell stain, TOPRO-3 (y-axis of all plots in Fig.
5.9) was added to the cells, just prior to data acquisition on the flow cytometer, to
exclude dead cells. The plots in Figure 5.9 exclude the cells that were TOPRO-3
positive. As shown in Figure 5.9A and 5.9D, a gate was created around the unstained
population. Cells that were not treated with FhHDM-1 peptides, but stained with
Lysosensor, represented approximately 17% of cells within this gate (Fig. 5.9B and
5.9E). The decrease in the population within this gate indicates an increase in blue
fluorescence. Therefore, these samples show the baseline fluorescence from the
Lysosensor dye itself. In the presence of either FiHDM-1 (Fig. 5.9C) or FkHDM-1.C2
(Fig. 5.9D), there was a further decrease in the percentage of cells (approximately 3%
and 5% for FKHDM-1 and FhHDM-1.C2, respectively) within this gate, suggesting an
increase in blue fluorescence, and therefore an increase in lysosomal pH to produce an
alkaline environment. These data suggest that FhHDM-1.C2 modulates the biological
activity of macrophages in the same way as the full length FhHDM-1, namely by

preventing lysosomal acidification.
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Figure 5.9 FhHDM-1.C2 increases macrophage lysosomal pH similar to that of the
full length, FhHDM-1. RAW 264.7 macrophages (1 x 10° cells/ml) were incubated
with (C) FhHDM-1 or (F) FhHDM-1.C2 (15uM) for 30min at 37°C. Lysosensor (SuM)
was then added to each sample (B,C,E,F) for 5Smin and macrophages were assessed for
the emission of blue fluorescence (detected at 450/50nm). An increase in blue
fluorescence indicates an increase in lysosomal pH. A gate was created, based on the
unstained population (A,D). The x-axis denotes the blue fluorescence (450/50nm), and
the y-axis denotes the uptake of TOPRO-3. Data is representative of eight (A,D),
thirteen (B,E), five (C), and eight (F) replicates.

145




5.7 Assessment of the modulation of macrophage function by FhHDM-1 and
FhHDM-1.C2

Having established that FRHDM-1.C2 was replicating the effects of the full-length
peptide with respect to inhibiting lysosomal acidification (Section 5.6), it was next

determined whether the biological activities of the peptides were the same.

Firstly, the abilities of the peptides to modulate cytokine production by macrophages
were compared. This analysis extended preliminary studies using FhRHDM-1, which
only focused on TNF and IFN-f secretion (Chapter 4, Section 4.2 and 4.4), to include
a range of pro-inflammatory (Th1/Th17) cytokines, anti-inflammatory/regulatory
(Th2/Treg) cytokines, and chemokines using a multiplex (Section 2.4.1.5). As
previously done, macrophages were treated with the peptide for 1h, and then washed
prior to stimulation with LPS. For all LPS-only stimulated samples, more than 10 pg/ml
of cytokine/chemokine was detected, and, therefore these concentrations were
considered biologically relevant, as this is a cut-off used for analyses of healthy human
samples [338] and in the context of disease diagnosis [339]. For ease of comparison,
the amount of cytokines/chemokines produced are presented as a percentage, with the
LPS-only stimulated sample adjusted to 100% (Fig 5.10). Consistent with the TNF
inhibition observed previously (Section 5.2, Figure 5.3) FhHDM-1 significantly
inhibited the production of TNF, to less than 10% of the LPS-only samples (Fig. 5.10).
FhHDM-1 also inhibited other pro-inflammatory cytokines and chemokines, including
IL-6, G-CSF, MIP-1pB and RANTES. Interestingly, Th2 /Treg cytokines were also
inhibited by FhRHDM-1 in response to LPS stimulation (Fig. 5.10).

It would be of interest to confirm the inhibition of anti-inflammatory cytokines by
FhHDM-1 using an M2-driving stimulus such as IL-4. In corroboration of the binding
and lysosomal studies, FhHDM-1.C2 inhibited production of all the
cytokines/chemokines to the same extent as FhHDM-1. All the columns were
statistically significant (0.0001< p < 0.01), as compared to their respective LPS-only
stimulated samples. From this data set, it can be concluded that both FhHDM-1 and

FhHDM-1.C2 are capable of reducing (although, to varying degrees) the ability of
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murine macrophages to produce predominantly cytokines/chemokines that are

associated with a Th1/Th17 immune profile.
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Figure 5.10 FhHDM-1.C2 is as effective as full-length FhHDM-1 in inducing the inhibition of cytokine/chemokine production in murine
macrophages. RAW 264.7 macrophages (1 x 10° cells/ml) were treated with FhtHDM-1 or FkHDM-1.C2 (15uM) for 1h. Cells were then washed
twice with saline, prior to O/N stimulation with LPS (10ng/ml). Cell supernatants were assayed for pro-inflammatory (Th1/Th17), anti-
inflammatory/regulatory (Th2/Treg), and chemokine via a multiplex. Data was converted to percentages with LPS-only stimulation adjusted to
100% for each cytokine/chemokine. Data is the combination of two independent experiments and expressed as means + SEMs. For the clarity of
visualisation, the LPS-only sample is not shown. All the columns were statistically significant (as compared to their respective LPS-only stimulated
samples); varying from p <0.01 and p <0.0001 in significance.
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As previously demonstrated (Chapter 3, Section 3.4), treatment of macrophages with
FhHDM-1 reduced the expression levels of Havcr2 and Lsp 1, which are associated with
the generation of pro-inflammatory immune responses. In contrast, FhHDM-1
significantly enhanced the expression levels of SerpinB2, which mediates the ability of

macrophages to prevent the proliferation of Thl cells in vitro.

Similarly, macrophages treated with FlHDM-1.C2 showed decreased expression levels
of both Havcr2 and Lsp-1 (-1.4+0.1 and -2.0+0.3 fold decreases for Havcr2 and Lsp-1,
respectively; Fig. 5.11B,C), with almost the same fold change as observed for FkHDM-
1 treatment of macrophages (-1.5+0.1 and -1.9+0.1 fold decreases for Havcr2 and Lsp-
1, respectively; Fig. 5.11B,C). In addition, treatment of BMDMs with FRHDM-1.C2
significantly increased the expression levels of SerpinB2 (2.4+0.3 fold increase; Fig.
5.11A), although the fold change was not as large as that seen when the full-length
peptide was incubated with macrophages (12.7+1.2 fold increase; Fig. 5.11A). Despite
this difference in expression levels of SerpinB2, T cells co-cultured with FhHDM-1.C2
treated BMDMs displayed a significantly reduced ability to secrete IFN-y, as compared
to T cells co-cultured with untreated BMDMs (Fig. 5.12; Section 2.4.1.6). This supports
the hypothesis that FhHDM-1.C2 contains the amino acid sequence responsible for the
bioactivity, which regulates expression levels of Havcr2, Lsp-1 and SerpinB2, to

modulate the immune response.
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Figure 5.11 FhHDM-1.C2 modulates the expression levels of Havcr2, Lsp-1 and
SerpinB2 in BMDMs in a similar manner to that of the full length FhHDM-1.
BMDMs (1 x 10° cells/ml) were incubated with FhtHDM-1 or FAHDM-1.C2 (15 puM)
for 24h at 37°C. Messenger RNA was isolated, cDNA was synthesised, and gene
expression levels were analysed by quantitative real time RT-PCR. Fold changes in
expression of (A) SerpinB2, (B) Havcr2 and (C) Lsp-1 was calculated using the AAC;
method, where 1 or -1 (dotted lines) indicates no change, as compared to the untreated
samples. Gene expression was normalised to Hnrnpab. Data is the combination of two
independent experiments and expressed as means + SEMs. Significance is calculated
against the untreated samples (** p < 0.01, *** p < 0.001, **** p <0.0001).
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Figure 5.12 The ability of FhHDM-1.C2 to inhibit Th1l immune responses is
comparable to that of the full length FhkHDM-1. BMDMs (5 x 10° cells/ml) were
incubated with FhRHDM-1 or FRHDM-1.C2 (15 uM) for 24h at 37°C. Cells were washed
twice with saline, and then co-cultured with T cells (1:1) in the presence of a-CD3
antibody at (A) 0.05ug/ml or (B) 0.1pg/ml for 48h at 37°C. Cell supernatants were
assayed for IFN-y. Data was converted to percentages with untreated BMDMs + T cells
+ a-CD3 antibody adjusted to 100%. Data is the combination of two (A) and two (B)

independent experiments and expressed as means = SEMs (*** p < 0.001, **** p <
0.0001).
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5.8 Discussion

The data presented here confirmed the hypothesis that the bioactivity of FhRHDM-1
resides in the C-terminal region of the peptide, and identified a sequence of amino acids
that has predicted structural analogy with CPPs. Furthermore, the analysis suggests that
this sequence mediates binding to macrophages, and likely targets the bioactive C-

terminus to the lysosome.

The addition of the ‘/KARDR’ sequence enhanced the interaction of the parasite peptide
with macrophages, suggesting the presence of a binding domain. However, the target
receptor is yet to be identified. Although characterised as a binding partner for the
murine cathelicidin, CRAMP, EGFR was neither utilised by the full length nor C2
parasite peptide for entry into cells. However, this analysis did reveal an interesting
difference between the behaviour of the two FhnHDM-1 variants, with FnHDM-1.C2
showing no significant interaction with BHK cells, while the full-length peptide,
FhHDM-1, bound to the cell membrane. This suggests that there may be undiscovered
binding domains within the N-terminus of the full-length peptide, which may interact
differently with specific cell types. Alternatively, this difference may be attributed to
the previously identified affinity of FhHDM-1 for cholesterol [215]. The full-length
peptide contains a cholesterol-binding motif (L/V-[X]1-5-Y-[X]1-5-R/K, spanning
residues VTKAYEKAR) that is highly conserved across all known cholesterol-binding
proteins. However, due to its truncation, this sequence is not present in the FnHDM-
1.C2 peptide. This could be confirmed in vitro by quantifying the binding capability of
FhHDM-1.C2 and FhHDM-1.C4 (which contains KAYEKAR) to cholesterol lipids
using phospholipid ELISAs, as previously described [215].

Although FhHDM-1.C2 was clearly internalised by macrophages, the possibility that,
similar to the full length FhHDM-1, the peptide localised to the lysosome was
concluded based on the alteration of lysosomal pH. A more definitive demonstration of
endolysosomal localisation is warranted. This could be achieved using confocal
microscopy to visualise the co-localisation of peptides with fluorescently tagged
antibodies binding to specific proteins expressed by lysosomes, (LAMP1 and LAMP2),
early endosomes (Rab5 and EEA1), or late endosomes (Rab7).
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Despite the lack of microscopic evidence, the decrease in fluorescent signal from
FhHDM-1.C2 after internalisation by macrophages (Section 5.5; Fig. 5.7) supports the
possibility that FlHDM-1.C2 is being trafficked to the endolysosome, where it is being
degraded. Alternatively, it could be that FhRHDM-1.C2 is localised within the cytoplasm
after uptake where it is susceptible to degradation by the proteasome. This is a
significantly different outcome, as compared to the internalised full-length peptide,
which can still be visualised up to, and after, 45min incubation with macrophages.
Previous studies have shown that FRHDM-1 localises to the endolysosome, and that it
is relatively resistant to cleavage by protease enzymes. The only proteolytic event that
occurs is the separation of the C-terminal amphipathic region from the N-terminus [215].
If the FKRHDM-1.C2 is indeed trafficking to the endolysosome, and as it is missing 28
amino acids, it may be more susceptible to degradation by lysosomal proteases. This
could be investigated in vitro using recombinant murine and human protease enzymes.
However, despite this apparent reduction in stability, the efficacy of FRHDM-1.C2 is
not impaired. The peptide displays the same EC50 as the full-length peptide, inhibiting
the production of cytokines and chemokines with the same potency. This suggests that
the peptides mediate their effect rapidly and that this is then maintained in the cell for

a prolonged period.

Interestingly, as these analyses were being finalised, an article was published which
supports both the experimental approach and the outcomes. In this study [214], the
complete N- terminus of FhRHDM-1 was analysed using CPPred, and, consistent with
the current analysis, was awarded a score of 0.777 [214]. The authors therefore
suggested that the entire N-terminus represented the cell-binding domain, while the
bioactivity potency was located within the C-terminus. While the findings in this
chapter are in agreement with this published work, by analysing smaller sections of the
N-terminus, a 5 amino acid sequence, ‘KARDR’, with a closer proximity to a CPP has
been identified (Section 5.1; Fig. 5.1A). However, further investigations are required to
confirm that the ‘KARDR’ sequence represents a lysosomal targeting CPP. One simple
demonstration would be to attach a variety of fluorescently tagged small peptides to the
‘KARDR’ sequence, and to then follow intracellular uptake by macrophages using
confocal microscopy. Additionally, the cellular distribution of the FhHDM-1 C-
terminus synthesized to a known CPP sequence, such as HIV-TAT [340], could be
compared to the FhRHDM-1.C2. The expectation would be that the HIV-TAT peptide
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would direct the FRHDM-1 C-terminus peptide to the cytoplasm and have no effect on

lysosomal function.

While this information is important to understanding how FhHDM-1 modulates
immune cell function, the identification of a potential lysosomal targeting CPP has
much broader implications. For example, CPPs are currently being investigated in the
treatment of lysosomal storage diseases, which are caused by a deficiency in, or low
abundance of, lysosomal enzymes, leading to accumulation of material in lysosomes
and dysfunctional lysosomal systems [341]. These CPPs are used in enzyme
replacement therapies, in which missing lysosomal enzymes are delivered and are able
to restore lysosomal function [328, 342]. Another therapeutic avenue of CPPs is the
delivery of vaccine antigens for the treatment of cancer and infectious diseases [343].
One of the most encouraging applications has been in DC vaccine based treatments,
where enhanced delivery of antigens was observed, the antigen processed within the
endolysosomes, and consequently presented by MHC class II molecules for induction
of T cell activation [342]. This warrants a novel therapeutic avenue for FhHDM-1 and
its derivative peptides, more specifically for the prospective lysosomal targeting CPP,

which has been discovered in this study.
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Chapter 6: Interaction of FhHDM-1 with

neutrophils
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6.1 Introduction

To date, elucidation of the immune modulatory effect(s) of FRHDM-1 has focused on
its interactions with macrophages. This is because macrophages were identified as the
primary cellular target for FhlHDM-1 in mice. The interaction between FhRHDM-1 and
murine peritoneal macrophages was determined by flow cytometry, 20 mins after the
intraperitoneal injection of fluorescently labelled FhHDM-1. Of the three most
predominant immune cell populations within the peritoneal cavity (macrophages, B
cells and T cells), FKRHDM-1 preferentially bound to macrophages in vivo, in both
autoimmune-prone NOD mice and immune competent BALB/c mice [197]. However,
if FkHDM-1 is to be ultimately used as a human therapeutic, it would likely be delivered
by other routes, such as intravenously or subcutaneously, and thus would have exposure
to a broader range of immune cells, as compared to those residing in the peritoneal

cavity.

Neutrophils play pivotal roles in the initiation of autoimmunity. In murine models of
T1D, there is intricate communication between neutrophils and B cells, which results
in the activation of pancreatic plasmacytoid DCs. Through their ability to prime
autoreactive T cells for clonal expansion and trafficking to the islets, these DC
populations are pivotal to the initiation of autoimmunity [41, 344]. In fact, the
infiltration of neutrophils into pancreatic islets (as early as 2 weeks of age) [345]
precedes that of macrophages (at approximately 4 weeks of age) [346], and their
elimination/inhibition exerts positive effects on disease prevention. In MS, neutrophils
mediate the maturation of DCs and macrophages, and in concert these cell types
mediate the inflammation of the central nervous system (CNS) [42]. Therefore, early
recruitment of neutrophils is critical for the development of the pro-inflammatory
environment in T1D and MS. Further, the co-occurrence of TID and MS has been
reported in several human studies [347], suggesting shared mechanisms of disease

development, in which neutrophils play a major role.
With the known significance of neutrophils in the pathogenesis of autoimmune diseases,

especially T1D and MS, it was of interest to determine whether FhRHDM-1 could also

interact with neutrophils and modify their biological activity, as shown for
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macrophages. It is yet to be determined if FhRHDM-1 will be similarly efficacious in
preventing/treating other autoimmune diseases, however, this study in investigating
interaction of the peptide with neutrophils may broaden the therapeutic efficacy of

FhHDM-1.
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6.2 Determining the interaction of FhRHDM-1 with human neutrophils

The initial studies to determine the cellular target of FKRHDM-1 may have been biased
due to the relative abundance of certain cell populations within the peritoneal cavity of
mice [132]. In addition, validation of the peptide’s cellular target among human cell
populations is an important determinant of the potential for clinical translation of the
peptide. Therefore, human peripheral blood leukocytes were used to screen the
interaction of FKRHDM-1 with major immune cell populations, in which neutrophils are
known to predominate [348]. To achieve this, FNHDM-1 was labelled with an Alexa
Fluor 647 fluorescent tag, and then incubated with human peripheral blood leukocytes
obtained from fresh human buffy coats (Section 2.5.4.3). After 1h at 4°C, cells were
washed, and incubated with human IgG to prevent any non-specific binding of
antibodies. Cells were then labelled with specific fluorochrome conjugated surface
marker antibodies for the identification of individual cell populations by flow cytometry

(the gating strategy is detailed in Section 2.5.4.4).

Binding of FhHDM-1 was assessed as a positive signal for Alexa Fluor 647
fluorescence within the respective cell gates. The same voltage settings were used to
assess binding in all cell populations, which allowed for direct comparisons in the levels
of interaction of FhHDM-1 between different cell types. Slight increases in
fluorescence levels, above those detected for unstained control samples, were observed
for all cell types. However, the largest increases in fluorescence levels, and hence
binding, occurred within the neutrophil and monocyte populations, where the increase
in FhHDM-1 positive cells was significantly greater than the unstained control.
Calculation of the geometric mean of the area under the histogram confirmed these
results, clearly showing that the FRHDM-1 interaction with neutrophils and monocytes
(MFI of 1697 and 1034 for neutrophils and monocytes, respectively) was much greater
than it’s binding to any other cell type (Fig. 6.1B). The binding of FhHDM-1 to
monocytes was not surprising, given the reported interactions of FhRHDM-1 with both
murine and human macrophages ([215] and Chapter 5). The binding of FhRHDM-1 to
human neutrophils was a novel finding, and this preliminary finding was confirmed

using neutrophils from multiple donors.
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Although, there was some variability in the actual value of geometric means, a similar
pattern of binding was found in samples from two additional human donors (Figures
6.2A,B). In all cases, the level of FRHDM-1 interaction to monocytes and neutrophils
was clearly greater than its binding to any other cell type. However, in the cells from a
fourth donor, several cell types appeared as positive for FhHDM-1 fluorescence (Figure
6.2C). Additionally, the overall geometric means of fluorescence for cells from this
fourth donor were lower than all previous analyses, reflecting an atypical binding
profile for FKRHDM-1. Despite this, both neutrophils and monocytes were consistently
more positive, than any other cell type, for FhHDM-1 binding.
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Figure 6.1 FhHDM-1 binds to human neutrophils and monocytes. (A) Alexa-Fluor
647 labelled FRHDM-1 (2.5uM) binding to human B and T lymphocytes, natural killer
(NK) cells, monocytes, neutrophils, eosinophils, basophils, and dendritic cells (DCs).
For each histogram, the grey filled histogram represents the unstained sample and the
black line represents FRHDM-1 binding. The x-axis is the intensity of fluorescence for
Alexa-Fluor 647 (indicating the binding of FhRHDM-1), and the y-axis is the cell count.
(B) The mean fluorescence intensities (MFI; y-axis) of Alexa-Fluor 647 labelled

FhHDM-1 were calculated for each cell population (x-axis). Data is representative of
four donors.
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Figure 6.2 FhHDM-1 binds to human neutrophils and monocytes. The mean
fluorescence intensities (MFI; y-axis) of Alexa-Fluor 647 labelled FhHDM-1 were
calculated for each human peripheral blood leukocyte population (x-axis). (A-C) are
the data from three donors.
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6.3 Assessment of the modulation the biological function of murine neutrophils by

FhHDM-1

Neutrophils comprise 60% of the total human leukocyte population, and, as such, are
the most abundant leukocyte in blood [348]. Neutrophils perform critical roles in
resolving bacterial and fungal infections [349] through multiple mechanisms, including
phagocytosis and intracellular degradation of microbial products [350], and secretion
of pro-inflammatory chemokines and cytokines (notably TNF and IL-8) [351-353].
These cells typically exist in a resting state, mainly within the bone marrow, and once
primed/partially activated by cytokines and chemokines (such as TNF, IFN-y, IL-6 and
C-X-C-motif chemokine ligand [CXCL] -1, CXCL-2 and CXCL-12 [354, 355]), they
are released into the blood stream, to migrate to the site of inflammation, where they
become fully activated by pathogenic products [39]. Neutrophil migration, activation
and death are tightly controlled processes to prevent excessive inflammation [38], given
that mediators secreted by neutrophils exert potent pro-inflammatory effects, and to
ensure subsequent resolution of the inflammatory response. There are many phenotypic
changes that occur when neutrophils are partially/fully activated. These include changes
in the expression levels of adhesion molecules. For example, neutrophil activation is
associated with decreased expression levels of the adhesion molecule, CD62L (also
known as L-selectin), which facilitates a higher degree of rolling along the endothelium
of the blood vessels. Subsequently, levels of CD11b are increased, which provides
migration arrest allowing neutrophils to transmigrate through the endothelial lining

towards the pro-inflammatory site [39].

Given the binding of FhRHDM-1 to neutrophils, it was next determined if the interaction
of FhHDM-1 exerted any effect on the activation status, or biological activity, of
neutrophils. The three primary readouts measured were (1) phagocytosis; (2) surface

marker activation, and (3) cytokine/chemokine production.

These analyses were performed using murine neutrophils, which, like their murine
counterparts, bound FhRHDM-1. There is inherently great variability in the activation
status and threshold of human neutrophils, due to genetic and environmental factors,

and with the use of mice, these confounding factors are abrogated. In addition,
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demonstration of modulatory activity on murine cells is important for the interpretation
of outcomes in rodent models of disease. Murine neutrophils were isolated from the
bone marrow of mice by negative magnetic bead selection (Section 2.3.3.4), with a
purity of ~95% obtained for all experiments (Section 2.5.3.3). Initially, the ability of
FhHDM-1 to interact with murine neutrophils was demonstrated, to confirm that the
interaction with neutrophils was not specific to human cells. As expected, incubation
of murine neutrophils with Alexa Fluor 488 labelled FhRHDM-1 resulted in a significant
increase in fluorescence, as compared to unstained cells (p = 0.0305; Fig. 6.3B). This
validated that FhHDM-1 similarly bound to murine neutrophils, and validated their use

in further experiments to elucidate the immune modulatory effects of FhHDM-1.
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Figure 6.3 FhHDM-1 binds to murine neutrophils. Murine neutrophils (1 x 10°
cells/ml) were incubated with Alexa Fluor 488 labelled FRHDM-1 (5uM) for 30min at
4°C. (A) The grey filled histogram represents the unstained and the black line represents
Alexa Fluor 488 labelled FKRHDM-1. (B) The mean fluorescence intensity (MFI) of (A)
and other biological replicates. Data is representative of two independent experiments
and expressed as means + SEMs (* p < 0.05).
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6.3.1 Ability of FhRHDM-1 to modulate phagocytosis of resting and activated murine
neutrophils

Similar to macrophages and DCs, neutrophils possess phagocytic activity [356].
Phagocytosis is a crucial early process in the resolution of microbial infections, and as
part of the innate immune system, neutrophils are very efficient in the uptake and
clearance of pathogenic products. In fact, their ability to do this exceeds that of
macrophages [350]. In the context of autoimmunity, efficient phagocytic clearance of
apoptotic cells is crucial in preventing the potential release of immunogenic material
from the dying cells as it undergoes secondary necrosis. Accordingly, reduced
phagocytic capacity has been associated with autoimmune disorders in both murine
models and human studies [357]. Therefore, it was of interest to determine if FnHDM-

1 modulated the ability of neutrophils to phagocytose.

Initially, murine neutrophils were treated with FRHDM-1 (10uM; a concentration of
peptide shown to be biologically effective in previous assays [Chapters 3-5]) for 30min
at 37°C, and then incubated with Alexa Fluor 488 labelled Ovalbumin (10pug/ml; Ova
488) for 1h at 37°C (Section 2.5.5.3). Uptake of Ovalbumin via phagocytosis was
measured as an increase in cellular fluorescence by flow cytometry. The presence of
FhHDM-1 inhibited the uptake of Ova 488 in resting neutrophils, as compared to
untreated neutrophils (p = 0.0003; Fig. 6.4A). To investigate whether FRHDM-1 also
inhibited the phagocytic activity of activated neutrophils, cells were stimulated with
LPS, a biological stimulus commonly used to activate neutrophils [358, 359]. Although
statistical significance was not reached, LPS-activated neutrophils did display increased
phagocytic uptake (Fig. 6.7A). Consistent with its impact on resting cells, the pre-
treatment of LPS activated neutrophils with FRHDM-1 also inhibited the uptake of Ova
488 (p = 0.0015; Fig. 6.4A). This suggests that FRHDM-1 has the ability to decrease
the phagocytic activity of both resting and LPS-activated neutrophils.

To examine this effect using a biologically relevant particle, neutrophils were co-
incubated with Escherichia coli particles. A commercially available ELISA was used
(Cell Biolabs, Inc.) to quantify the amount of internalised enzyme-labelled labelled E.
coli particles by addition of the enzyme substrate, and measurement of the subsequent
colour development by optical density (Section 2.4.3.1). Murine neutrophils were

incubated with FhRHDM-1 (at various concentrations) for 30min prior to the addition of
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E. coli particles. After 3h at 37°C, cells were washed to remove non-phagocytosed
material. After permeabilisation, enzyme substrate was added and the optical density
(OD) of each sample was measured at 450nm. Similar to the result seen with Ovalbumin,
treatment of both resting and LPS activated neutrophils with FhRHDM-1 inhibited the
uptake of E. coli particles in a dose dependent manner (Fig. 6.4B,C).
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Figure 6.4 FhHDM-1 inhibits the phagocytosis of Ovalbumin and E. coli particles
by resting and LPS activated murine neutrophils. (A) Murine neutrophils (1 x 10°
cells/ml) were incubated with FhRHDM-1 (10uM) for 30min at 37°C and incubated with
Alexa Fluor 488 Ovalbumin (10pg/ml; Ova 488) for 1h at 37°C, or further stimulated
with LPS (1pg/ml) for 1h at 37°C prior to Ova 488 addition. (B,C) Murine neutrophils
(1 x 10° cells/ml) were incubated with (B) FRHDM-1 (at various concentrations), or
Cytochalasin D (2uM; positive control) for 30min at 37°C, or (C) pre-stimulated with
LPS (100ng/ml) for 30min at 37°C, prior to peptide incubation. Enzyme-labelled E.coli
particles were added and incubated for 3h at 37°C. Amount of phagocytosed E.coli
particles was measured as absorbance (OD read at 450nm). Data was converted to
percentage values with E. coli only samples adjusted to 100%. Data is the representative
of two independent experiments (A) or the combination of three (B) and two (C)
independent experiments and expressed as means = SEMs (statistical significance
represents a comparison to the MFIs detected by Ova 488 + resting or LPS- activated
neutrophils [A]; and OD levels detected by E.coli only samples [B,C]; ** p <0.01, ***
p<0.001, **** p <0.0001).
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6.3.2 Assessment of the effect of FRHDM-1 on surface marker expression on resting
and activated murine neutrophils

During the migration of neutrophils, CD62L is shed as a mechanism to increase the
ability of neutrophils to roll along the endothelium of the blood vessels. In contrast, the
expression of CD11b is enhanced, to aid in adhesion to the endothelium [39]. These
changes in expression levels are characteristic of neutrophil activation and are
measureable by flow cytometry [229]. Thus, to determine whether exposure to
FhHDM-1 affected the maturation of neutrophils, the levels of expression of CD11b

and CD62L were measured.

Murine neutrophils were activated by the addition of phorbol myristate acetate (PMA;
100ng/ml), a known synthetic stimulus for neutrophil surface marker activation [229,
360, 361], for 15min at 37°C (Section 2.5.5.4). As expected, the expression of CD11b
significantly increased and the levels of CD62L significantly decreased, as compared
to resting, non-activated neutrophils (p =0.0199 and p <0.0001 for CD11b and CD62L,
respectively; Fig. 6.5A). The addition of FhHDM-1 (10uM) had no effect on the
expression levels of either marker in PMA activated neutrophils (p = 0.2717 and p =
0.7630 for CD11b and CD62L, respectively; Fig. 6.5A). In addition, FkHDM-1 did not
modulate the levels of CD11b and CD62L in resting neutrophils (p = 0.7617 and p =
0.1997 for CD11b and CD62L, respectively; Fig. 6.5A).

To further assess the effect of FhkHDM-1 binding, the expression of CD62L and CD11b
was also measured on neutrophils activated with bacterial LPS. Not only is this a more
biologically relevant stimulus of neutrophil activation, but FRHDM-1 has also been
shown to have an inhibitory effect on LPS activation pathways (Chapter 4). While the
increase in fluorescence was not as pronounced as compared to PMA stimulation, the
expression of CD11b was enhanced and the expression of CD62L reduced in response
to LPS (p = 0.0028 and p = 0.0004 for CD11b and CD62L, respectively; Fig 6.5B). To
determine the effect of FhHDM-1 on these expression levels and to negate any
interaction between FhHDM-1 and LPS [199, 214], neutrophils were treated with
FhHDM-1 (5uM) for 30min at 37°C, and then washed to remove any excess
extracellular FkRHDM-1, prior to stimulation with LPS (1pug/ml) for 1h at 37°C. Again,
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FhHDM-1 had no effect on the level of expression of either CD11b or CD62L (p =
0.7132 and p = 0.1907 for CD11b and CD62L, respectively; Fig. 6.5B).
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Figure 6.5 FhHDM-1 does not affect the expression levels of the neutrophil surface markers, CD11b and CD62L. Murine neutrophils (1 x
10° cells/ml) were incubated with (A) FhHDM-1 (10uM), for 30min at 37°C and further stimulated with phorbol myristate acetate (PMA;
100ng/ml), or (B) incubated with FRHDM-1 (5uM) for 30min at 37°C, washed twice with saline prior to stimulation with LPS (1pg/ml) for 1h at
37°C. Expression levels of the activation markers, CD11b and CD62L, were determined by flow cytometry. The x-axis is the fluorescence intensity
and the y-axis is the cell count, where for (B), cell count is represented as % of maximum cell count. (C,D) MFI of (A) and (B) and other biological

replicates. Data is representative of three (A,B) independent experiments and expressed as means £ SEMs ( * p < 0.05, ** p <0.01, *** p <0.001,
seskksk
p <0.0001).
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6.3.3 Effect of FhRHDM-1 on pro-inflammatory cytokine and chemokine production
by LPS stimulated murine neutrophils

Similar to macrophages, neutrophils contribute to the inflammatory response via the
secretion of pro-inflammatory cytokines [351-353]. Therefore, the effect of FhRHDM-1

on the production of TNF by neutrophils in response to LPS was investigated.

Murine neutrophils were incubated with FhRHDM-1 (at various concentrations) for
30min at 37°C, and then stimulated with LPS (100ng/ml) for 4h at 37°C (Section
2.4.1.1). As reported for macrophages, FhHDM-1 inhibited the production of TNF by
neutrophils with the near complete abrogation of TNF production, even at a
concentration as low as 0.5uM (Fig. 6.6A). Similar to the peptide’s immune modulatory
effects on macrophages, washing neutrophils after treatment with FhHDM-1 reduced
the peptide’s potency in reducing TNF secretion, as compared to the non-washed
neutrophils (EC50s of 0.1553 and 0.7718 for non-washed and washed cells,
respectively). However, there was still a significant concentration dependent decrease
in TNF production (Fig. 6.6B). This suggests that FlHDM-1 may be functioning via a
similar mechanism to that occurring in macrophages (i.e. internalisation and

modulation of intracellular signalling pathways).

To confirm that the decrease in TNF production was not simply due to reduced cell
viability in FhRHDM-1 treated cells, a dead cell stain (Sytox Blue, Life Technologies)
was utilised to measure cell viability. Similar to the TOPRO-3 dye, when a cell is
undergoing death, the plasma membrane is compromised, allowing uptake of the
fluorescently labelled Sytox Blue dye. The gating strategy excluded any Sytox Blue
positive cells, to identify the live cell population, which showed that close to 100% of
neutrophils were viable (Fig. 6.6 C,D). Across ten independent experiments, treatment
of cells with FRHDM-1 at 15uM (higher than the highest concentration tested for TNF
production), consistently showed no cytotoxicity, with cell viability remaining
unchanged, as compared to untreated neutrophils (p = 0.5955; Fig. 6.6E). Therefore,
FhHDM-1 was not cytotoxic to murine neutrophils, and, accordingly, any inhibition in
TNF production was attributable to the modulation of murine neutrophil function by

FhHDM-1.
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Figure 6.6 FhHDM-1 inhibits the production of TNF by LPS stimulated murine
neutrophils. Murine neutrophils (4 x 10° cells/ml) were incubated with FRHDM-1 (at
various concentrations) for 30min at 37°C and (A) immediately stimulated or (B)
washed twice with saline, prior to stimulation with LPS (100ng/ml) for 4h at 37°C. Cell
supernatants were assayed for TNF secretion. Dose response curves were generated by
normalising LPS-only stimulation to 100%, and then calculating the amount of TNF
produced by LPS stimulated neutrophils in the presence of FhHDM-1. (C,D) are
representative plots for data (E), where murine neutrophils (1 x 10%ml) were treated
with FhRHDM-1 (15uM) for 30min at 37°C. Sytox Blue was used as a viability stain,
and, therefore, the Sytox Blue negative cells were gated for viable cells, with dot plots
shown for untreated (C) and FhRHDM-1 (D) cells. Data is the combination of five (A)
three (B) and ten (E) independent experiments and expressed as means + SEMs.
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Having shown that FhRHDM-1 inhibited TNF cytokine production by LPS activated
neutrophils, it was determined whether this modulatory effect extended to a broad range
of cytokines and chemokines, as had been observed for FiHDM-1 treated macrophages
(Chapter 5, Section 5.7). A multiplex was again utilised to determine this. Here, some
cytokines/chemokines were produced at levels below the ‘biologically relevant’ cut-off
of 10pg/ml (as detailed in Chapter 5, Section 5.7). Therefore, only the
cytokines/chemokines that were above this cut-off concentration were further analysed,
and converted as a percentage with the LPS-only stimulated sample adjusted to 100%,
for ease of comparisons (Fig. 6.7). Similar to the immune modulatory effect of FhHDM-
1 on macrophages, the majority of Th1/Th17 cytokines and chemokines produced by
neutrophils in response to LPS were significantly down-regulated by pre-treatment of
cells with FhHDM-1, although the extent of inhibition was variable. Specifically,
production of Eotaxin was completely inhibited, whilst levels of IL-1p, IL-6, GM-CSF,
KC, MCP-1, MIP-1a, and MIP-1p were reduced to 50% (or below) by FhHDM-1
treatment of LPS stimulated neutrophils, as compared to the respective LPS-only
samples (Fig. 6.7). Although the inhibition of TNF was not statistically significant,
there was still a reduction of TNF production, down to ~60%, as compared to the LPS-
only sample (Fig. 6.7). This could be attributed to the small sample size (n =2) of this
assay; however, it was established that FlHDM-1 inhibited the production of TNF by

LPS stimulated murine neutrophils in Figure 6.6.

In comparison to the inhibitory effect observed in macrophages (Chapter 5, Section 5.7,
Fig. 5.10), IL-1B, IL-6, GM-CSF, TNF, Eotaxin, KC, MCP-1, MIP-1a, and MIP-1f3
were commonly decreased in secretion by both macrophages and neutrophils treated
with FRHDM-1, in response to LPS stimulation. This may allude to some mechanistic
similarities of signalling pathways for the modulation of pro-inflammatory
cytokine/chemokine production within macrophages and neutrophils induced by

FhHDM-1.
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Figure 6.7 FhHDM-1 down-regulates the secretion of pro-inflammatory cytokines and chemokines by LPS stimulated murine neutrophils.
Murine neutrophils (4 x 10° cells/ml) were incubated with FRHDM-1 (5uM) for 30min at 37°C. Cells were then washed twice with saline, prior to
stimulation with LPS (100ng/ml) for 4h at 37°C. Cell supernatants were assayed for pro-inflammatory (Th1/Th17), anti-inflammatory/regulatory
(Th2/Treg) cytokines and chemokines via a multiplex. Data was converted to percentages, with LPS-only stimulation normalised to 100% for each
cytokine/chemokine. Data is the combination of two biological replicates and expressed as means + SEMs (statistically significance was
determined using a two-way ANOVA, as compared to their respective LPS-only stimulated samples; * p <0.05, ** p <0.01, *** p < 0.001, ****
p <0.0001).
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6.4 Assessment of the ability of FhRHDM-1 treated neutrophils to activate murine

dendritic cells

Neutrophils play a significant role in the initiation of autoimmune diseases, such as
T1D and MS. In particular, neutrophils secrete pro-inflammatory cytokines, and other
unknown soluble proteins, which subsequently activate local DCs within the pancreas
or CNS, to initiate T1D [41] and MS [42], respectively. Having demonstrated that
FhHDM-1 treatment of neutrophils reduced the secretion of pro-inflammatory
cytokines, it was of interest to determine whether this in turn modulated the activation

of DCs.

Murine neutrophils were treated with FhHDM-1 (10uM) for 30min at 37°C, and then
stimulated with either LPS (1pg/ml) for 1h at 37°C, or a combination of TNF (10ng/ml)
and LPS [362] (Section 2.5.5.5). Neutrophils were then washed five times (to ensure
that no LPS or TNF was present for the stimulation of DCs) prior to incubation with
primary bone marrow derived DCs (1:1 neutrophils:DCs) for 16h at 37°C. The
expression of surface markers, CD80 and CD86, on DCs were measured via flow
cytometry as indicators of DC activation. As expected, there was a slight, but
statistically significant, increase in the surface expression levels of CD80 and CD86 on
DCs co-incubated with neutrophils that had been activated with LPS (p = 0.0018 and p
= 0.0010 for CD80 and CDS86, respectively; Fig. 6.8A,C), and the combination of
LPS/TNF (p =0.0146 and p = 0.0065 for CD80 and CD86, respectively; Fig. 6.8B,D).
Excitingly, neutrophils that had been pre-treated with FRHDM-1 had a reduced ability
to activate DCs, as illustrated by a significant decrease in the expression levels of CD80
and CD86 on DCs co-cultured with either LPS (p = 0.0357 and p = 0.0018 for CD80
and CD86, respectively; Fig. 6.8A,C), or LPS/TNF activated neutrophils (p = 0.0236
and p = 0.0008 for CD80 and CD86, respectively; Fig. 6.8B,D). This supports the
hypothesis that by modulating the production of pro-inflammatory cytokines by
neutrophils, FRHDM-1 indirectly inhibits the activation of DCs.
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Figure 6.8 FhHDM-1 prevents dendritic cell activation by activated murine
neutrophils. Murine neutrophils (2 x 10° cells/ml) were incubated with FhHDM-1
(10uM) for 30min at 37°C. Then, neutrophils were either stimulated with (A,C) LPS
(1pg/ml) for 1h or (B,D) the combination of TNF (10ng/ml) for 20min, then LPS at
37°C. Neutrophils were then washed five times prior to incubation with primary bone
marrow derived dendritic cells (DCs; 1:1) for 16h at 37°C. The expression levels of
(A,B) CD80 and (C,D) CD86 on DCs were measured via flow cytometry. Unstained
and isotype controls were included. Data is representative of two independent
experiments and expressed as means + SEMs (* p < 0.05, ** p <0.01, *** p <0.001).
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6.5 Discussion

The ability of FRHDM-1 to interact with neutrophils was a novel and exciting discovery,
as neutrophils are emerging as crucial immune cells that cooperate with macrophages
for the initiation of autoimmune disorders. Similar to the effect on macrophages,
FhHDM-1 induced no change in surface marker expression levels (Section 6.3.2, Fig.
6.5), and reduced the production of pro-inflammatory cytokines/chemokines (Section
6.3.3, Fig. 6.6 and 6.7) by activated murine neutrophils. This may indicate a similar
mechanism of action by FhnHDM-1 in modulating intracellular signalling pathways

within these two innate immune cell types.

The ability of FRHDM-1 to prevent the phagocytic uptake of Ovalbumin and E. coli
particles (Section 6.3.1, Fig. 6.4) was an unexpected outcome, as phagocytosis (of
dextran) by macrophages was reportedly not affected by FhRHDM-1 treatment [221].
This disparity in results may be due to the type of particles used for the assessment of
phagocytic ability. The biological impact of preventing phagocytic activity for both cell
types should be further investigated, specifically assessing the uptake of apoptotic cells.
Aberrations in phagocytosis of apoptotic cells is associated with autoimmunity [357].
Phagocytosis is a multi-step process, involving the initial recognition of microbes or
apoptotic cells by specialised receptors, the internalisation of the target into cargos for
digestion, and the subsequent secretion of immune modulatory products, such as
cytokines and chemokines [363]. Although mechanisms linking phagocytosis and
autoimmunity are yet to be defined, defects or modulations in any of these processes
would putatively determine immune outcome. It is yet to be determined whether

FhHDM-1 exerts any effects on these processes in neutrophils and macrophages.

The binding of FKRHDM-1 to multiple types of immune cells may be detrimental for the
development of the peptide as a therapeutic, as it may cause unwanted side effects. This
is, however, unlikely to be the case, as it was demonstrated that FhRHDM-1 does not
affect changes in surface marker expression levels in neutrophils and FhHDM-1 is not
cytotoxic (Section 6.3.3, Fig. 6.6C-E). More importantly, without inducing changes to
surface marker expression levels, FRHDM-1 was still able to prevent pro-inflammatory

cytokine/chemokine secretion by neutrophils. This suggests that, similar to its effect on
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macrophages, FnHDM-1 is selectively inhibiting the activation of neutrophil pro-
inflammatory activity. Therefore, FRHDM-1 offers great potential as a therapeutic for
autoimmune disorders, as neutrophils (along with macrophages) play a crucial role in
the initiation of autoimmunity. Recently, it has been reported that therapies targeting
neutrophils attenuate autoimmune diseases, including T1D, MS and IBD. For example,
blocking of the neutrophil receptors, CXCR1/2 (receptors for chemokine, IL-8),
decreased the influx of neutrophils into the pancreas [41, 345]), and prevented the onset
of T1D [364]. This strategy also delayed the clinical symptoms [365] and abrogated the
breakdown of the blood-brain barrier, thereby reducing infiltration of leukocytes into
the CNS of a murine model of MS [366]. Similarly, the severity of murine IBD was
decreased by the modulation of neutrophil activity by CXCR1/2 [367, 368]. Although,
the effect of FKRHDM-1 on the expression levels of CXCR1/2 on neutrophils is unknown,
it may explain the lack of neutrophil infiltration into the brain parenchyma in EAE mice

that were treated with FRHDM-1 (Donnelly ef al., unpublished data).

The inhibition of DC activation via neutrophils was an important finding as it
highlighted an indirect biological outcome of the anti-inflammatory actions of FlHDM-
1. However, the mechanism of this inhibitory effect on DCs needs to be further defined
to determine if it is mediated via a reduction in the secreted soluble products of
neutrophils or changes that impact the neutrophils/DCs cellular interactions. This could
be assessed using Transwell assays (separating direct DCs and neutrophil interaction),
or by incubating the DCs with the supernatant of FhHDM-1 treated neutrophils.
Additionally, antibodies against the secreted pro-inflammatory cytokines/chemokines
could be used in an attempt to reverse the inhibitory effect (as conducted in [42]). In
addition, it would be informative to determine whether neutrophils isolated from EAE
mice treated with FRHDM-1 were also inhibited in their ability to activate DCs, as this
would add to our understanding of the peptide’s mechanism of action in models of

autoimmunity.
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Chapter 7: General Discussion
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The helminth excreted/secreted peptide, FRHDM-1, has been identified as the immune-
modulatory molecule within FhES with therapeutic efficacy demonstrated in two
murine models of autoimmune disease: T1D and MS. To date, no other single immune-
modulatory helminth peptide has been able to prevent disease in multiple models of

autoimmunity.

Despite differences in the pathogenesis of TID and MS, the diseases share
characteristics with respect to the initiation and perpetuation phases of autoimmunity.
The co-occurrence of MS and T1D has been reported by several studies, suggesting that
they have common aetiological components [347]. Most notably, are the involvement
of pro-inflammatory M1 macrophages and neutrophils, as key innate immune cells
involved in establishing the pro-inflammatory environment within the target tissues,
which facilitates the initiation of autoimmunity [348, 369], and amplification of the
Th1/Th17 responses that drive the development of disease [29]. Therefore, the
observations that FhRHDM-1 prevented the initiation and perpetuation of autoimmunity
in both MS and TID, led to the hypothesis that FhHDM-1 operated via anti-

inflammatory mechanisms.

The data presented here confirmed this hypothesis, demonstrating that FhHDM-1
specifically inhibited the activation of pro-inflammatory macrophages and neutrophils
(Chapters 3, 4 and 6). Furthermore, these cells were shown to subsequently prevent the
amplification of pro-inflammatory immune responses, as evidenced by the fact that
FhHDM-1 treated macrophages suppressed the secretion of the IFN-y by T cells, and
FhHDM-1 treated neutrophils suppressed the activation of pro-inflammatory DCs.
Collectively, these data indicated that FhRHDM-1 is likely mediating its protective
effects through the inhibition of the pro-inflammatory innate immune signals, which

are required for the establishment and maintenance autoimmune disease.

Prior to the current study, the mechanism(s) of action of FhRHDM-1 was yet to be
characterised. Studies to date had elucidated some activities of the peptide, including
the ability to bind and neutralise LPS, which significantly reduced M1 macrophage
production of pro-inflammatory cytokines, TNF, IL-6, and IL-1B [197, 199, 210]. In
vitro assays also showed inhibition of lysosomal vATPase activity by FRHDM-1 [215],

and disrupted NLRP3 inflammasome formation, through inactivation of lysosomal
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Cathepsin B [221]. All such evidence pointed towards the lysosome as a crucial point
of action for FhHDM-1. It was suggested that FRHDM-1 may alter the acidic lysosomal
environment, which is critical for the functioning of lysosomal proteases, which are
required for appropriate processing of TLRs and intracellular pro-inflammatory
signalling pathways [220]. Therefore, this study aimed to determine the intracellular
signalling pathways targeted by FhRHDM-1 to modulate pro-inflammatory responses.

Through analysing the transcriptional profile of macrophages treated with FhHDM-1
in the context of a pro-inflammatory immune signal, it became evident that the peptide
was potentially functioning as a PPAR-y agonist (Chapter 4), a previously unidentified
mechanism of action for FhHDM-1, and an activity never before described for a parasite

derived protein.

PPARYy is a key regulator of lipid metabolism within the macrophage [286], and recent
reports have suggested the existence of bi-directional crosstalk between lysosomal
biogenesis and lipid metabolism [370]. This leads to the question of whether the
localization of FRHDM-1 to the lysosome, and subsequent inhibition of acidification,
results in the activation of PPARY (as hypothesised in Fig. 7.1). This would be of great
interest, as it has been previously reported that IL-4 treated macrophages (as occurring
during chronic helminth infection) actually require active, acidic, lysosomes to degrade
lipids to fatty acids, which, in turn, activate PPARy to induce a switch to a M2
phenotype [370]. This apparent contradiction in the relationship between lysosomal
activity, and induction of PPARY, may simply be due to the action of different signals
(IL-4 versus FhHDM-1), and may indicate varied biological functions for PPARYy,
which are dependent upon the local immune environment. Certainly, during the first
24h of infection with Fasciola hepatica, FNHDM-1 is one of the most abundantly
secreted proteins by the parasite (Dalton, personal communication), and directly
interacts with the cells of the host’s innate immune response. At the same time, there is
no evidence of IL-4 production, and the macrophages are not switched to an M2
phenotype; however the expression levels of the genes encoding pro-inflammatory
cytokines (TNF, IL-12 and IL-6) are suppressed by 2-8 fold (Donnelly, personal
communication). Thus, the inhibition of lysosomal activity, subsequent activation of
PPARY, and inhibition of M1 macrophages may actually be a phenomenon observed

during the early stages of infection with F. hepatica and mediated by secretion of
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FhHDM-1. In contrast, IL-4 induced lysosomal lipolysis, subsequent activation of
PPARY, and induction of M2 macrophages may be a requirement for the chronic stages

of infection, when wound repair mechanisms are more critical.

On the other hand, the activation of PPAR-y in macrophages treated with FhHDM-1
may be a mechanism occurring independently of lysosomal acidification, but which
subsequently inhibits lysosomal biogenesis. Indeed, macrophages deficient for PPAR-
vy exhibit enhanced lysosomal maturation when infected with Mycobacterium
tuberculosis [371], and mouse prostate epithelial cells deficient in PPAR-y show
increased formation of lysosomes [372, 373]. This suggests that PPAR-y induction can
decrease lysosomal activity, which further supports the evidence that FhHDM-1
disrupts lysosomal activity. Interestingly, expression of the surface marker, CD36, is
induced by PPAR-y agonists [374-376], and has been shown to inhibit vATPase activity
[377]. Potentially, FhRHDM-1 may be thus preventing lysosomal acidification via direct
inhibition of vATPase (as previously hypothesised), and/or indirectly via the induction

of CD36 (Fig 7.1).

The finding that the inhibition of IFN-y production by T cells, was dependent upon cell-
to-cell contact with FhRHDM-1 treated macrophages (Chapter 3), certainly supports the
possibility that cell surface proteins were altered. Furthermore, CD36 has been
associated with the suppression of DC-mediated T cell proliferation, and production of
Thl cytokines, in response to malarial parasites [378, 379]. Therefore, FRHDM-1 may
indeed modulate surface CD36 expression levels on macrophages to suppress Thl

responses.

This study also showed that FhRHDM-1 treatment of macrophages induced expression
of another candidate that mediates the suppression of pro-inflammatory T cells:
SerpinB2 (Chapter 3). It is therefore of interest that PPAR-y has been shown to induce
the expression of SerpinE1 (also known as Plasminogen activator inhibitor-1) in human
endothelial cells [380]. Although, it is not the same protein as SerpinB2, as a
transcription factor, it is possible that PPAR-y also regulates the expression of SerpinB2
in macrophages (as hypothesised in Fig. 7.1).
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The influence of cellular metabolism on the activity of macrophages has become a
prominent area of research, in which, it has been reported that the use of the glycolytic
pathway for energy production, is associated with a switch to the M1 pro-inflammatory
phenotype of macrophage [268]. Importantly, PPAR-y is a critical regulator of
oxidative phosphorylation, a metabolic pathway which promotes the development and
activity of non-inflammatory immune cells, and produces the energy required by the
cell in the absence of the glycolytic pathway [286]. This may therefore implicate an
indirect consequence of PPAR-y activation by FhHDM-1, which involves the
immunometabolism of macrophages. Here, FhHDM-1 may induce downstream
oxidative phosphorylation of macrophages, thereby driving macrophages away from

the pro-inflammatory M1 phenotype (Fig. 7.1).
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Figure 7.1 FhHDM-1 treatment of macrophages results in the inhibition of pro-
inflammatory immune responses. FhHDM-1 localises to the lysosomes (1) resulting
in an increase in lysosomal pH (Chapter 5), potentially through the inhibition of
vATPase activity, leading to inhibition of lysosomal proteases and impaired TLR
signalling pathways (Chapter 4). However, treatment of macrophages with FhRHDM-1
also activated the PPAR-y transcription factor (Chapter 4). Given the intracellular
localisation of FhRHDM-1, it is possible that alterations to lysosomal pH signal the
activation of PPAR-y (2). The consequence of this activation are putatively
multifactorial. (3) Increased expression levels of CD36, which, in turn, recruits fatty
acids to inhibit lysosomal vATPase activity and increase lysosomal pH. (4) CD36 on
the surface of macrophages inhibits the development of Th1 cells. (5) PPAR-y directly
down-regulates the expression levels of pro-inflammatory cytokines, including TNF,
IFN-B and iNOS (Chapter 4). (6) PPAR-y activation drives a metabolic switch towards
oxidative phosphorylation, thereby preventing the utilisation of glycolytic pathways to
induce M1 macrophages. (7) PPAR-y increases the expression of SerpinB2, which
mediates the suppression of Thl cells (Chapter 3). Collectively, these mechanisms
(directly, or indirectly) down-regulate pro-inflammatory M1 macrophages, and
consequently Th1 responses. Dotted arrows indicate hypothesised links. 1 and | denote
increase and decrease, respectively.
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In addition to its potential as an anti-inflammatory agent, IPA analysis suggested two
additional therapeutic effects for FnHDM-1. Firstly, this investigation supported the
previous demonstration that FhnHDM-1 would prevent the development of TID.
However, the data suggested a new mechanism of action, namely the inhibition of cell
death pathways induced by pro-inflammatory cytokines. Thus, treatment with FhHDM-
1 was predicted to prevent pancreatic 3 cell apoptosis (Chapter 4, Section 4.3).
Remarkably, treatment of a murine model of T1D with the PPAR-y agonist,
Pioglitazone, has been shown to increase pancreatic 3 cell mass, resulting in lowered
insulitis and protection from T1D [317]. Confirmation of this activity for FhHDM-1
will implicate a novel mechanism of action for the peptide, to directly target pancreatic
B cell survival, in addition to its anti-inflammatory effects to prevent the development

of T1D.

Secondly, the IPA analysis indicated that FhHDM-1 down-regulated HMGBI1
signalling and IL-17 mediated allergic inflammation (Chapter 4, Section 4.3, Fig. 4.4A,
Pathway no. 5 and no. 12, respectively). HMGBI is a pro-inflammatory mediator in
asthma [381] and IL-17 is a pro-inflammatory cytokine that allows neutrophil-
dominated inflammation for the development of allergic asthma [382]. To assess the
accuracy of this prediction, FnHDM-1 was delivered intravenously to mice after
sensitization with an allergen, 1h prior to challenge. Corroborating the IPA output,
allergen induced inflammation was observed in mice treated with FhHDM-1, with a
significant decrease in the infiltration of neutrophils and eosinophils to the lung (Tanaka
et al., manuscript under review). A few studies have also implicated PPAR-y agonists
as treatment for asthma, however, there is contradictory data. While murine studies
have shown the therapeutic potential of PPAR-y agonists [383, 384], clinical studies
have only reported moderate benefits [385, 386]. Despite such discrepancies, it will be
of interest to further investigate the potential of FhRHDM-1 as a therapy for allergic

asthma.

The development of FRHDM-1 as a therapeutic requires a further understanding of the
binding and active domains of the peptide. This will be important for the identification
of the peptide’s cellular receptor, and also to inform the development of optimised

peptide derivatives. This study made significant advances and identified the minimal
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peptide required to mimic the bioactivity of the full length, FhHDM-1 (FhHDM-1.C2;
Chapter 5). Further investigations into the activity of this shorter peptide will allow the
determination of the vital amino acid sequences that mediate biological functionality,
and support the advancement of FhHDM-1 as a highly promising therapeutic for

immune-mediated diseases.
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Abstract

Background: Macrophages are key players in the initiation, perpetuation and regulation of both
innate and adaptive immune responses. They largely perform these roles through modulation of the
expression of genes, especially those encoding cytokines. Murine bone marrow derived
macrophages (BMDMs) are commonly used as a model macrophage population for the study of
immune responses to pro-inflammatory stimuli, notably lipopolysaccharide (LPS), which may be
pertinent to the human situation. Evaluation of the temporal responses of LPS stimulated
macrophages is widely conducted via the measurement of gene expression levels by RT-qPCR.
While providing a robust and sensitive measure of gene expression levels, RT-qPCR relies on the
normalisation of gene expression data to a stably expressed reference gene. Generally, a
normalisation gene(s) is selected from a list of “traditional” reference genes without validation of
expression stability under the specific experimental conditions of the study. In the absence of such
validation, and given that many studies use only a single reference gene, the reliability of data is
questionable.

Results: The stability of expression levels of eight commonly used reference genes was assessed
during the peak (6h) and resolution (24h) phases of the BMDM response to LPS. Further, this study
identified two additional genes, which have not previously been described as reference genes, and
the stability of their expression levels during the same phases of the inflammatory response were
validated. Importantly, this study demonstrates that certain “traditional” reference genes are in fact
regulated by LPS exposure, and, therefore, are not reliable candidates as their inclusion may
compromise the accuracy of data interpretation. Testament to this, this study shows that the
normalisation of gene expression data using an unstable reference gene greatly affects the
experimental data obtained, and, therefore, the ultimate biological conclusions drawn.

Conclusion: This study reaffirms the importance of validating reference gene stability for

individual experimental conditions. Given that gene expression levels in LPS stimulated
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macrophages is routinely used to infer biological phenomena that are of relevance to human
conditions, verification of reference gene expression stability is crucial.
Keywords: macrophage, lipopolysaccharide, pro-inflammatory responses, RT-qPCR, reference

gene

Background
Macrophages play a significant role in the initiation and perpetuation of innate and adaptive
immune responses. In this role, they perform multiple functions, including the uptake, processing
and presentation of antigen, microbial killing, phagocytosis of apoptotic cells, and the secretion of
cytokines, chemokines and chemical mediators [1]. The expression and secretion of immune
modulators imparts the macrophage the ability to orchestrate immune responses, skewing them
toward the pro-inflammatory, anti-inflammatory or regulatory arms of immunity. While pro-
inflammatory responses are crucial to the elimination of pathogens, they are also central to the
pathogenesis of autoimmune (for example type 1 diabetes, multiple sclerosis and rheumatoid
arthritis) and pro-inflammatory (for example sepsis) diseases. Accordingly, much research has
focused on understanding the responses of macrophages to pro-inflammatory conditions. These
investigations often use murine bone marrow derived macrophages (BMDM), as a model
mammalian macrophage system [2-4]. This is because BMDMs exhibit phenotypic and functional
homogeneity and closely resemble ex vivo primary cells, thereby making them the preferable
model, as opposed to other sources of primary macrophages or cell lines. Immortalised cell lines
differ significantly in phenotype/function to primary murine macrophages. Primary resident
macrophages of the peritoneum or lung are not naive, and, therefore, differ
phenotypically/functionally according to their previous immune experiences. Moreover, these cells
are obtained in lower numbers, as compared to yields derived from bone marrow.

The pro-inflammatory response of macrophages is commonly investigated using
lipopolysaccharide (LPS; a major component of bacterial membranes), as a biologically relevant

inducer of inflammation [5-7]. The progression of this pro-inflammatory response in macrophages
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has been well characterised, with an initial induction phase of inflammation at 2h following LPS
exposure, a peak inflammatory phase at 6h, and, finally, a resolution phase at 24h post-stimulation
[8-10]. The analysis of gene expression levels by RT-qPCR is often employed to study this pro-
inflammatory response [11-13]. As a powerful tool, RT-qPCR is a rapid and sensitive technique
with potential for high throughput, which allows the detection and quantitation of low abundance
mRNA [14]. Despite these advantages, the accuracy and reliability of RT-qPCR data interpretation
is dependent upon factors intrinsic to the preparation steps prior to RT-qPCR analysis, including
RNA quality and quantity and reverse transcriptase (RT) efficiency. Indeed, it is crucial that the
quantity of RNA input to the RT reaction be normalised. However, while necessary, this is not
sufficient for direct comparisons of RT-qPCR data. A reference/normalisation gene(s), whose
expression level is not regulated by the specific experimental conditions, is routinely included in
RT-qPCR for all samples, thereby enabling normalisation of expression levels of the gene of
interest (GOI) data [15,16]. It is recommended that for each set of experimental conditions, the
optimal reference gene(s) be determined [15]. However, in reality, few studies validate this
important optimisation parameter. Rather, “traditional” reference genes, such as glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) or B-2 microglobulin (B2m), that are presumed to be stable in
their expression levels, are generally selected as reference genes, despite the fact that they may not
be expressed at consistent levels under the specific experimental conditions being studied.
Normalisation of target gene expression levels to those of a reference gene which is, itself,
regulated by the experimental conditions, likely affects measurements of comparative gene
expression levels, thereby compromising data interpretation and biological conclusions made [17-
19]. Thus, it is crucial that for any given experimental condition, one or more consistently expressed
reference genes are identified and used [15].

To date, no optimal reference gene (or combination of reference genes) has been identified
and validated for the normalisation of gene expression levels between control and LPS stimulated

BMDMs over the time course of the pro-inflammatory response. Thus, the current study aimed to
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identify the most stably expressed reference genes during the peak (6h) and resolution (24h) phases
of inflammation. A list of eight genes that have been used commonly for the normalisation of gene
expression levels in BMDMs was initially investigated. From microarray analyses of untreated and
LPS treated BMDMs at 6h and 24h post-LPS stimulation, three additional candidate reference
genes, whose expression remained unchanged under these experimental conditions, were added to
the list of commonly used reference genes. Thus, the expression levels of a total of 11 candidate
reference genes were compared at each time point following LPS stimulation, and the optimal
reference gene, or combination of reference genes, for each phase of the pro-inflammatory response
was identified using NormFinder [20], GeNorm [21] and BestKeeper [22] softwares.

This study is the first to identify and validate Hnrnpab and Stx5a, as optimal reference genes
for the normalisation of gene expression data during the peak and resolution phases, respectively, of
the BMDM response to LPS. Moreover, this study demonstrates the consistency in expression
levels of both Hnrnpab and Stx5a for peritoneal and RAW 264.7 macrophages stimulated with LPS.
Importantly, the expression levels of these genes are more stable than those of Gapdh and Actinb,
which are both commonly regarded as reference genes in the assessment of macrophage
inflammatory responses. These observations demonstrate the importance of assessing the stability

of reference genes for every experimental condition prior to normalisation of gene expression.

Results

The range of C: values for candidate reference genes differs according to the time point post-
LPS stimulation

The aim of the current study was to identify the optimal reference gene, or combination of reference
genes, for the normalisation of gene expression data in the commonly studied LPS stimulation
model using BMDMs. We first identified a list of eight genes routinely used for the normalisation
of gene expression data from experiments using BMDMs in general [23-25] or LPS stimulated
BMDMs [26-35]. These candidate genes were Actinb, B2m, Gapdh, Gusb, Hmbs, Hprt, Ppia

5



126

13
1132

133
17

30
3439
32
30
34
35

37

3842
39

40
4]143
42

a4
44

56
477
A6
49
Sth7
51
52
148
54
549
56
57
50
59
6161
61
62
63
64
65

(cyclophilin A), and Rpli3a. We then identified candidate reference genes from a microarray data
set comparing gene expression levels between control and LPS stimulated BMDMSs at 6h and 24h
post-exposure to LPS (Supplementary Table 1 and Supplementary Table 2, respectively). We
selected three candidate reference genes whose expression remained unchanged between control
and LPS-stimulated cells at both 6h and 24h, including chromatid cohesion factor homolog (Mau?2;
a gene involved in cell cycle), heterogenous nuclear ribonucleoprotein A/B (Hnrnpab; involved in
mRNA processing) and Syntaxin 5a (Stx5a; a gene involved in autophagy; [36]). Thus, a total of
eleven candidate reference genes were tested for the stability of their expression levels. The range
of C; values for untreated and LPS treated BMDMs at each time point, for each gene tested, are
described in Figure 1. The level of expression of genes differed, with some being highly expressed,
for example, Actinb (mean (standard deviation [SD]): 6h control; 18.34(0.18)), while others were
expressed at much lower levels, for example, Hmbs (mean (SD): 6h control; 27.73(0.81)).

The variance in expression levels of candidate reference genes, as indicated by the range of
C: values and SD, differed within a single treatment group. For example, within the control group at
6h, the lowest variance in C; values, as indicated by the lowest SD, was Actinb (SD=0.18; Figure
1A). The highest variance within the untreated group was for Mau? (SD=1.06; Figure 1A).
Interestingly, in some cases, genes differed in their expression variability, dependent upon the time
point following LPS stimulation. For example, in the control group, at 6h, the variance in C; values
between replicates recorded for the gene Rpll3a was larger (range(SD) = 26.15-27.96(0.91)) than

the variance observed for Rp//3a at 24h post-LPS stimulation (range(SD) = 25.86-26.17(0.17)).

The most stable reference gene differs according to the stage of inflammation.

In order to identify the most consistently expressed reference gene candidate at each time point, the
C; values were inputted into GeNorm, NormFinder and BestKeeper programs. The analysis
provided by NormFinder assigns a stability ranking to candidate reference genes using an algorithm

which takes into account intra- and inter-variability (i.e. the variability in expression levels within



152

13
1158

159
17

30
3k65
32
3166
34
35

37

3168
39

40
4ZI169

5575
56
57
5%/6
59
60
61
62
63
64
65

and between the treatment groups, respectively) [20]. GeNorm determines the expression stability
of a gene using a stepwise exclusion of the least stably expressed gene, generating an M value for
each reference gene, and M values are then ranked. The Bestkeeper software assigns a ranking to
each candidate reference gene based on the SD between samples. The rankings provided by each
software for samples at 6h and 24h after LPS or vehicle exposure are described in Figure 2A and B,
respectively. There was broad agreement between the three programs regarding the two most and
least consistently expressed reference genes between control and LPS stimulated groups at 6h. At
this time point, according to NormFinder and GeNorm, the most stable reference genes were
Hnrnpab and Stx5a. Similarly, BestKeeper ranked Hnrnpab and Stx5a in the top four most stably
expressed genes, at second and fourth, respectively. Application of all three softwares indicated that
the two least stable genes were Gusb and Hmbs.

After 24h LPS stimulation, there was less consensus among the softwares regarding the
most reliable reference gene(s). NormFinder and BestKeeper were in agreement, ranking Stx5a and
Hnrnpab as the two most stably expressed genes. GeNorm, however, identified Hmbs and Rpll3a
as the most appropriate combination of genes for normalisation. In comparison, NormFinder and
BestKeeper ranked Hmbs and Rpll3a seventh and eighth in stability, respectively. This discrepancy
is likely due to the difference in the mathematical algorithms used to rank genes by NormFinder and
BestKeeper, as compared to GeNorm. GeNorm assumes that two reference genes are not co-
regulated. If they are co-regulated, they would score artificially high on the GeNorm ranking scale
[37]. Indeed, the C; values recorded for Hmbs and Rpl/l3a are both regulated in the same direction,
in the LPS treated group, as compared to controls, that is, expression of each gene is lower in the
LPS treated group, as compared to the controls, evident as a significantly higher C; value
(mean(SD); Hmbs: control: 28.7(0.2), LPS: 29.3(0.1), p=0.0084; RplI3a: control: 26.0(0.2), LPS:
26.6(0.1), p=0.0078; Figure 1B). The least stable reference genes identified consistently between

the three softwares were Gusb and B2m.
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To validate these findings, an independent experiment was performed, and the expression of
the most and least stable reference genes, as identified by NormFinder software, was analysed by
RT-qPCR. In agreement with the findings described above, there was no difference in C; values
observed for Hnrnpab, between the control and LPS treated samples, at 6h (Figure 2C). In the
above-mentioned analysis, Gusb was identified as the most unstable reference gene under these
particular experimental conditions, and was clearly regulated by LPS exposure at 6h. In agreement
with these findings, the C; values observed for Gusbh were significantly higher following LPS
exposure at 6h (p=0.0304), indicating that LPS down-regulated Gusb gene expression levels. After
24h exposure to LPS, Stx5a was identified as the most stably expressed gene between control and
treated cells. This was validated in the independent experiment, with no difference seen in C; values
between the two treatments (Figure 2D). In agreement with the above-mentioned analysis, C; values
observed for B2m were significantly lower in the LPS treated BMDMs, as compared to controls
(p=0.0034), indicating that LPS up-regulated B2m expression at this time point.

To investigate the applicability of both Hnrnpab and Stx5a as reference genes in differently
sourced macrophages, we compared the expression levels of six of the 11 candidate genes (three of
the most stable and three of the least stable) in murine peritoneal macrophages and in the RAW
264.7 murine macrophage cell line. For all genes the C; values were recorded for control and LPS
stimulated (10ng/ml) cells at 6h (Figure 3A-D) and 24h (Figure 3E-H). Consistent with the stability
of genes in LPS stimulated BMDMs, there was no difference in C; values observed for Hnrnpab,
between the control and LPS treated cohorts, at 6h. In addition, Stx5a was again identified as the
most stably expressed gene between control and treated cells 24h after LPS treatment, with no
difference seen in C; values between the two treatments. This additional study therefore validates
Hnrnpab and Stx5a as suitable reference genes in these multiple sources of macrophages and at

multiple time points.

The choice of reference genes for data normalisation can affect biological conclusions.



203

13
1209
15
1410
17
18
%1
20
212
22

213

25

27

P15

29

30
216

To demonstrate the impact and importance of selecting the most stable reference gene(s) for data
normalisation, we analysed the relative expression of three genes whose increased expression levels
characterise the pro-inflammatory response in BMDMSs. The expression of IL-1f and TNF (both
pro-inflammatory cytokines) and NOS2 (inducible nitric oxide synthase, an enzyme produced
during the pro-inflammatory response) were assessed by RT-qPCR, and then normalised using the
most and least stable reference genes, as identified by NormFinder software. At 6h post-LPS
stimulation, the fold change in expression levels of TNF was significantly higher in the LPS
treatment group when gene expression data was normalised to the least stable reference gene, Gusb
(mean+SD: 883+193), as compared to when normalisation was performed using the most stable
reference gene, Hnrnpab (meantSD: 165+12; p=0.0208; Figure 4A). When normalised to the
traditional choice of housekeeping gene, Gapdh, the fold change in expression of TNF was similar
(mean+SD: 123+19) to that seen when Hnrupab was used for normalisation, which is consistent
with its top stability ranking by BestKeeper software analysis. In contrast, using Actinb, which was
ranked poorly by all 3 analytical programs, reduced the change in TNF gene expression by 3-fold
(mean+SD: 44+2). Similarly, following 24h exposure to LPS, the fold change in expression levels
of TNF in the LPS-treated group was significantly different when normalised to the most
inconsistent reference gene, B2m (mean+SD: 2+0), as compared to normalisation using the most
consistent reference gene, Stx5a (mean+SD: 13+1; p<0.0001; Figure 4B). At this 24h time point,
Gapdh and Actinb were both ranked midway between B2m and Stx5a with respect to stability, and
in agreement with this finding, when they were used as reference genes the fold change in
expression of TNF was significantly less than that obtained using Stx5a as the reference gene
(mean+SD: 9.7+40.4 and 9.2+0.3). Similarly, normalisation using an inconsistently expressed
reference gene also altered the measurements of fold change in gene expression for IL-1p and
NOS?2 at each time point (Figure 4A, B).

Collectively, this data clearly demonstrates that normalisation of gene expression data using

an inconsistently expressed reference gene can alter the magnitude of fold changes in expression,



229

13
1235

1336
17

30
242

which may impact upon the interpretation of the biological significance of the study. The two-fold
change in gene expression of TNF observed at 24h after LPS stimulation when data was normalised
to B2m expression levels may be interpreted as not a biologically significant increase above control.
However, when data was normalised to StxSa, there was a significant increase in TNF gene
expression levels above control. Importantly, this increase in expression at the mRNA level was
corroborated at the protein level as amounts of secreted TNF at 24h post-LPS stimulation were
significantly higher than control samples (mean+SD: 2821+152 pg/ml, as compared to 34+1 pg/ml,
respectively; p<0.0001; Figure 4C). Consequently, in this example, normalisation to an inconsistent
reference gene resulted in an underestimation of the magnitude of the pro-inflammatory response.
These data demonstrate that the selection of consistently expressed reference genes, under the
experimental parameters chosen, is crucial for the accurate interpretation of data, and, ultimately, to

the elucidation of biological responses.

Discussion

Murine BMDMs are well established as a model primary macrophage population for the study of
the inflammatory response. Commonly, LPS is used as a pro-inflammatory stimulus to induce gene
expression in BMDMs, to investigate this pro-inflammatory response. Given the efficiency,
sensitivity and robustness of RT-qPCR, this technique is commonly employed to measure gene
expression levels in the study of the macrophage inflammatory response. The use of RT-qPCR
necessitates normalisation of gene expression data to a reference gene, which is stably expressed
under the experimental conditions used. In fact, normalisation of GOI data to a reference gene
whose expression is regulated by the experimental condition can lead to erroneous results, and
therefore incorrect conclusions [17-19]. Thus, the current study aimed to identify the optimal
reference genes for normalisation of gene expression data for experiments using BMDMs
stimulated with LPS over the course of the inflammatory response, specifically the peak (6h) and

resolution (24h) phases. The data presented herein demonstrates that the expression levels of
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“traditional” reference genes may vary significantly in this cell model under pro-inflammatory
conditions. Moreover, we demonstrate that the normalisation of GOI data using genes that are
regulated by the experimental conditions can have a significant impact on the interpretation of RT-
gPCR data and, ultimately, the validity of conclusions drawn.

A review of the literature identified eight candidate reference genes that have been used for
the normalisation of gene expression data for BMDMs. We set out to evaluate the stability of these
genes, and to identify any additional reliable reference genes. Microarray analyses of LPS
stimulated BMDMs at 6h and 24h identified three candidate reference genes, whose expression
remained unchanged between control and LPS treated cells. Two of the reference genes identified
from the microarray analysis, Hnrnpab and Stx5a, were ranked as the most stable reference genes
for normalisation of gene expression data, at both 6h and 24h. It should be noted that several
commonly used reference genes, although not ranked in first or second position, were ranked in the
top five for stability, and would, therefore, still be considered suitable for the normalisation of gene
expression data. For example, at 6h, Rp/l3a, Hprt and Gapdh ranked third, fourth and fifth,
respectively, according to NormFinder analysis. At 24h, Actinb and Ppia were ranked third and
fifth, respectively. Importantly, the current study identified several genes that should be excluded as
reference genes under these particular experimental conditions, including Hmbs and Gusb after 6h
of BMDM exposure to LPS, and Gusb and B2m after 24h LPS exposure. These genes were ranked
lowest for stability by all three programs, and, therefore, their expression levels were clearly
regulated by LPS exposure. The current study also indicates that B2m and Actinb are unsuitable
candidates for normalisation of expression data at 6h post-LPS stimulation, as their expression
levels are modulated by LPS exposure, and, accordingly, these genes were ranked in the lowest five
for stability by all three programs.

Despite the publication of the MIQE (Minimum Information for Publication of Quantitative.
Real-Time PCR Experiments) guidelines [15], incorrect presumptions that “traditional” reference

genes are stably expressed, without reported validation under specific experimental conditions, are
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widespread among gene expression studies [38]. The stability of traditional references genes, such
as Gapdh and Actinb, has previously been called into question [39-41]. In agreement, the current
study further highlights the pitfalls of using such an approach for the selection of reference genes
for data normalisation. The commonly used reference gene, Actinb, although stably expressed at
24h post-LPS stimulation (ranked third and fourth, by NormFinder and BestKeeper, respectively),
was found to be one of the most highly regulated genes when cells were exposed to LPS for 6h
(ranked in the lowest four by all three programs). Similarly, levels of Hprt gene expression at 6h
post LPS-treatment were stable, however, at 24h, expression levels were down-regulated by
exposure to LPS. These results demonstrate that reference gene expression levels are modulated by
their cellular conditions, and highlight the requirement that all genes must be tested for expression
stability under the specific experimental conditions being studied.

The impact of normalising expression data using unstable reference genes has been
demonstrated in several previous publications [17-19]. The current study demonstrates the
importance of normalisation using a reference gene that is stably expressed under the experimental
conditions of inducing a pro-inflammatory response over time. The data demonstrated that
normalisation using a reference gene that was not stably expressed falsely diminished the
magnitude of the inflammatory response measured. In fact, the relative level of TNF gene
expression (~2 fold increase) calculated by normalisation to an inappropriate reference gene 24h
after LPS treatment indicated an almost complete absence of the pro-inflammatory response to LPS.
This result was in stark contrast to the actual higher levels of secreted TNF, and TNF at the level of
gene expression when data was normalised to a stable reference gene, following LPS exposure at
24h as compared to controls. Gene expression of TNF is highly regulated by LPS exposure (~13-
fold increase at 24h). Thus, caution must be exercised when normalising gene expression data for a
GOI that is less highly regulated (i.e. a gene that exhibits smaller changes in expression levels
attributed to the experimental conditions). Smaller changes in gene expression would be more likely

to be masked by normalisation to an inappropriate reference gene.
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This study has demonstrated that it is crucial to determine the stability of reference genes
under the specific experimental conditions employed. This is perhaps of paramount importance
when studying the responses of cell types, such as macrophages, which are highly responsive to
even subtle changes in the inflammatory milieu of their environment. We suggest a potential
approach for the identification of stable reference genes for studying new experimental conditions.
Initially, a review of the literature should be undertaken to identify several reference gene
candidates. Next, if published array data is available, this can be used to identify genes whose
expression levels remain unchanged under experimental conditions. Next, the stability of several
candidate reference genes should be determined under experimental conditions by RT-qPCR.
Finally, two or more programs should be used to identify the most stable reference gene. However
helpful these programs may be in identifying the most stably expressed gene, it is still important to
confirm the stability of the chosen genes by examining C; values. For example, we have shown that,
at 24h, GeNorm identified a combination of genes as most stable, that were in fact regulated by LPS
exposure, presumably because the algorithm used by GeNorm to rank stability assumes there is not

co-regulation of the candidate reference genes.

Conclusions

The current study identified the most stably expressed genes for use in the normalisation of gene
expression data during the course of the pro-inflammatory response of primary murine macrophages
to LPS. The two most stably expressed genes were identified from microarray analyses of BMDMs
exposed to LPS, and, here, make their debut as reference genes. The data presented also confirms
the stability of other reference genes used previously in the literature for normalisation of gene
expression data in this inflammatory BMDM model. Importantly, we have identified several
“traditional” reference genes that are often assumed to be stable, whose expression levels are, in
fact, strongly regulated during the BMDM inflammatory response to LPS. We recommend that

these genes not be used for the normalisation of gene expression data in this model, due to the

13
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likelihood of erroneous results, and the potential for invalid experimental conclusions to be drawn.
This also highlights the need for experimental validation of reference gene stability under specific
experimental conditions, and we have outlined a potential approach for identifying stable reference

genes.

Methods
Differentiation and stimulation of macrophages

Bone marrow derived macrophages (BMDMs) were differentiated from the bone marrow of
6-8 week old female Balb/c mice (ARC, Perth, Australia), as previously described (Zhang et al.
2008). All procedures were in accordance with the guidelines of the UTS Animal Care and Ethics
Committee (Protocol number: 2012-080). Briefly, bone marrow was flushed from freshly isolated
femurs and tibias with RPMI 1640 (Life Technologies). Cells were collected by centrifugation
(300xg, 5 min), and resuspended at a density of 2x10° cells/ml in BMDM media (RPM1 1640,
supplemented with 10% v/v heat inactivated, certified low endotoxin, foetal calf serum (Life
Technologies, catalogue number 10082147), beta-mercaptoethanol (715nM),
penicillin/streptomycin (1% v/v, Life Technologies) and macrophage colony-stimulating factor (M-
CSF, 50ng/ml, eBioscience). Cells (2x107 cells in 10ml media) were then plated into sterile 90mm
petri dishes (Techno Plas, catalogue number S90001G). Cells were differentiated for 6 days, with
the addition of 10ml media at Day 3. At Day 6, media and non-adherent cells were removed,
remaining non-adherent cells were rinsed away with 10ml sterile saline (Baxter Healthcare), and
then 10ml fresh BMDM media was added. Cells were detached by gently scraping into media and
collected by centrifugation (300xg, 5 min). The purity of the BMDM population was determined at
day 6 by staining for CD11b by flow cytometry. The purity of the BMDM population was always
greater than 98% CD11b" (data not shown).

Peritoneal lavages were collected from 6-8 week old female Balb/c mice. Macrophages were

isolated from peritoneal exudate cells (PECs) by adherence to plastic in serum-free media.

14
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BMDMs, peritoneal and RAW264.7 macrophages, were seeded at 2 x 10° cells in 2ml of
media in 6 well tissue culture plates and allowed to adhere for 1.5h before stimulation with LPS

(from E. Coli, 0111.B4; Sigma Aldrich) at a concentration of 10ng/ml. Cells were incubated with

LPS for 6h or 24h at 37°C/5%CO:x.

Isolation of RNA

Supernatants were removed from cell samples, and wells were rinsed twice with sterile saline. RNA
was isolated from cell samples using the Isolate I RNA mini kit (Bioline, Australia). Genomic
DNA (gDNA) was removed by treatment with DNase I (Sigma Aldrich), according to the
manufacturer’s instructions. The absence of contaminating gDNA was demonstrated by the absence
of a product in wells using “no RT” control samples, which included all components of the cDNA
synthesis reaction, except reverse transcriptase. The quality of RNA was assessed by
spectrophotometry (NanoDrop One/One®, Thermofisher Scientific). Ratios for all samples are

reported in Supplementary Table 3.

c¢DNA synthesis

For the synthesis of cDNA, 500ng RNA was used with the Superscript First Strand Synthesis Kit
(Thermofisher Scientific), primed with random hexamers, according to the manufacturer’s
instructions. The resultant cDNA was stored at -20°C until RT-qPCR, when it was diluted 1/10 in

RNAse/DNAse free water.

RT-qPCR

RT-gPCR was performed using the QuantStudioFlex 12K instrument (Applied Biosystems).
Tagman gene expression assays listed in Table 1 were used according to the manufacturer’s
instructions, with cDNA (5ng) in technical triplicates. The PCR program was as follows: UNG

activation (50°C, 2 min), UNG inactivation (95°C, 10 min), followed by 40 cycles of denaturation

15
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(95°C, 15 sec) and annealing/extension (60°C, 1 min). The mean C; values were calculated from
technical triplicates. For the calculation of fold change in expression, the AAC; method was used
[43]. For samples with C; values that were greater than 35 was considered a negative, however for
the purpose of calculating a fold change, these samples were assigned a C; value of 35. The mean
AC; value of the control (untreated) samples was calculated, and individual AC; values were
calculated for experimental replicates within the LPS treated samples, using the formula: AC; = C;
target gene — C; reference gene. The AAC; value for each LPS treated sample was calculated as the
AC; LPS sample — mean AC; control samples. This was then transformed into a fold change value

for each LPS sample using the calculation 244,

Table 1. Tagman gene expression assays.

Gene Assay ID Dye

Actinb B-actin Mm00607939 sl FAM-MGB
B2m B-2-microglobulin Mm00437762 ml FAM-MGB
Gapdh Glyceraldehyde-3-phosphate dehydrogenase Mm99999915 gl FAM-MGB
Gusb p-glucuronidase Mm01197698 ml FAM-MGB
Hmbs Hydroxymethylbilane synthase MmO01143545 ml FAM-MGB
Hnrnpab Heterogeneous Nuclear Ribonucleoprotein A/B Mm01288699 ml FAM-MGB
Hprt Hypoxanthine-guanine phosphoribosyltransferase | Mm00446968 ml FAM-MGB
Mau2 MAU2 Sister Chromatid Cohesion Factor Mm00512415 ml1 | FAM-MGB
Ppia Peptidylprolyl Isomerase A Mm02342430 gl FAM-MGB
Rpll3a Ribosomal protein L13a Mm01612987 gl FAM-MGB
Stx5a Syntaxin 5a Mm00502335 ml1 | FAM-MGB

Gene expression microarray analysis

BMDMs were treated with vehicle or LPS, for 6h and 24h, and then RNA was isolated using Trizol
reagent (Life Technologies) and the Qiagen Rneasy Plus Mini Kit (Qiagen). The aqueous phase of
the Trizol preparation was obtained, according to the manufacturer’s instructions, and was applied
to the gDNA-eliminating column of the RNeasy Plus Mini Kit, and then RNA was isolated
according to the instructions of the manufacturer (Qiagen). RNA was submitted to the Ramaciotti

Centre for Genomics (UNSW, Australia) for gene expression microarray analyses using the
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9

Affymetrix Mouse Gene 2.1ST array. Array data were analysed using Partek Genomics Suite
(Partek Inc. USA). Data files were grouped according to treatment (control or LPS) and individual
gene lists for 6h and 24h LPS stimulation were generated by one way ANOVA comparison of the
two groups, with a fold change cut off of -1.4<fold change<1.4 (Supplementary Tables 2 and 3,
respectively). Then, the two lists (6h and 24h) were combined, and a list of genes that were

common to both lists was generated, and three candidate reference genes were then selected.

Measurement of TNF in supernatants
Levels of secreted TNF in the supernatants were quantified by ELISA (BD Pharmingen), according

to the manufacturer’s instructions.

Statistical analyses

The softwares GeNorm [21], NormFinder [20] and BestKeeper [22] were used according to the
instructions supplied. This required that raw C; values were transformed to different input formats
for GeNorm and NormFinder analyses. For analysis using BestKeeper software, raw C; values were
inputted. For the statistical comparison of two groups, an unpaired, two-tailed t test was used in

GraphPad Prism 7 software (GraphPad). P values indicated in the figure legends.

Abbreviations

BMDM, Bone marrow derived macrophages; GOI, gene of interest; LPS, lipopolysaccharide;
MIQE, minimum information for publication of quantitative real-time PCR experiments; NOS2,
nitric oxide synthase; PEC, peritoneal exudate cells; RT, reverse transcriptase; SD, standard

deviation.
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Additional Files

Supplementary Tables 1 and 2. Gene expression in murine macrophages treated with LPS.
Microarray analysis of gene expression in macrophages treated with LPS for 6 hours (Table 1) and

24 hours (Table 2).

Supplementary Table 3. Assessment of RNA quality. Spectrophotometry analysis of the quality

of RNA used in all gqRT-PCRs

Figure Legends

Figure 1. Ranges of C:t values of the 11 pre-selected reference genes in control and LPS
stimulated BMDMs at 6h and 24h. C; values were recorded for control and LPS stimulated
(10ng/ml) BMDMs at A. 6h and B. 24h. Plotted as boxes are the range of Ct values, with the
included horizontal line identifying the mean, of triplicate biological replicates. The unfilled boxes

represent control BMDMs, and the grey filled boxes represent LPS stimulated BMDMs.

Figure 2. Stability ranking of reference genes in control and LPS stimulated BMDMs at 6h
and 24h by Normfinder, GeNorm and BestKeeper softwares. C; values were recorded for
control and LPS stimulated (10ng/ml) BMDMs at 6h and 24h. C; values were transformed as
instructed and applied to each reference gene analysis software. The tables above show the ranking
of most to least stably expressed reference genes between control and LPS stimulated cells, from
top to bottom, as identified by Normfinder, GeNorm and BestKeeper softwares, at A. 6h and B.
24h. The most and least stable reference genes were identified by NormFinder from an initial data
set at 6h and 24h. The stability in expression levels of these selected genes were then analysed in an
independent experiment by RT-qPCR and C; values are shown at 6h (C) and 24h (D). The error bars
represent means + SD. The significance values were calculated by comparison of control and LPS

treated samples as a group, at each time point. *p<0.05, **p<0.01.
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Figure 3. Stability ranking of select reference genes in LPS treated RAW 264.7 cells and
peritoneal macrophages at 6h and 24h. C; values were recorded for control and LPS (10ng/ml)
stimulated RAW 264.7 cells and peritoneal macrophages at 6h (A-D) and 24h (E-H). C; values were
transformed as instructed and applied to the 3 reference gene analysis softwares. The tables above
show the ranking of most to least stably expressed reference genes between control and LPS
stimulated cells in (A, E). RAW264.7 cells and (B, G) peritoneal macrophages, from top to bottom,
as identified by Normfinder, GeNorm and BestKeeper softwares. The C; values are plotted for LPS
stimulated (C, F). RAW 264.7 cells and (D, H) peritoneal macrophages. The error bars represent
means = SDs. The significance values were calculated by comparison of control and treated

samples as a group, at each time point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 4. Fold change in TNF, IL-1p and NOS2 gene expression levels at 6h and 24h as
calculated using different reference genes. Fold change in expression of TNF (top row), IL-1
(middle row) and NOS2 (bottom row) in the LPS treated group, as compared to the control group,
at A. 6h and B. 24h, was calculated using the AAC; method, as described in the methods section.
For normalisation, the most (Hnrupap, Stx5a) and least consistently expressed reference genes
(Gusb, B2m), as identified by Normfinder software analysis, and the traditional choice of Actinb
and Gapdh were used for the calculation of AC:. C. The release of TNF from control and LPS
stimulated BMDM was measured by ELISA at 6h and 24h of LPS exposure. Bars represent the

mean £ SD. *p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001.
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