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ABSTRACT

The ability of tissue dwelling helminth parasites to induce chronic long term
infections, is enabled by the establishment of T helper 2/ regulatory T cell (Th2/Treg)
immune responses within their mammalian hosts. Such responses prevent the expulsion
of the parasites, whilst simultaneously avoiding excessive inflammation/fibrosis arising
within the host, as a consequence of tissue damage induced by helminth migration.
Importantly, helminths excrete and secrete a series of molecules (collectively known as
ES products), which not only play major roles in parasite biology, but also exert direct
immune modulatory functions, promoting the establishment of Th2/Treg immunity. The
trematode, Fasciola hepatica, is an excellent model of helminth-mediated immune
modulation, because it induces a very rapid switch towards Th2 responses in its
mammalian hosts and inhibits Thl immunity. Fractionation of the ES products of F.
hepatica has identified three major immune modulatory components: the protease
cathepsin L1, the antioxidant peroxiredoxin, and a previously uncharacterised peptide,

FhHDM-1.

Structural analysis of FhHDM-1 revealed a close resemblance to the
cathelicidin, LL-37, a well characterised mammalian immune-modulating peptide.
Therefore, a putative immune modulatory role for FhRHDM-1 was explored in this
project. Immunofluorescent confocal microscopy demonstrated that FhHDM-1
interacted with macrophage lipid rafts, prior to being actively internalised by
cholesterol- and cytoskeletal network-dependent endocytosis, with progressive
compartmentalisation of the peptide into early endosomes and endolysosomal vesicles.
Flow cytometry studies indicated that, once internalised, FRHDM-1 enhanced the rate of
endocytosis of dextran by macrophages. Despite this, FRHDM-1 was found to impair
the acidification of macrophage endolysosomes and as a consequence, the efficient
processing and subsequent presentation of ovalbumin to T cells was prevented, as
assessed by decreased detection of digested fluorescent ovalbumin and reduced IL-2
secretion by transgenic CD4" T cells. Additionally, FhHDM-1 impaired NLRP3
inflammasome activation by lysosomal disruptive agents in macrophages. This was
found to be a consequence of reduced cathepsin B activity (due to FnHDM-1 induced
suboptimal lysosomal acidification), which was incapable of stimulating inflammasome

complex formation, thus avoiding IL-1p and caspase-1 cleavage.
Xvi



These findings suggest that by targeting endolysosomal activity, FhHDM-1
limits macrophage function. Therefore, the current study is the first to demonstrate that
FhHDM-1 possesses immune modulatory properties, which are directed by a

mechanism not previously described for a helminth-secreted cathelicidin-like peptide.

Xvii



CHAPTER 1 GENERAL INTRODUCTION

1.1.  Versatility of the mammalian immune system

Unlike other lower order organisms, mammals possess an intricate and highly
specialised immune system, to provide protection against a wide variety of pathogens.
The first line of defence against potential threats relies on the surveillance mounted by
the innate arm of the mammalian immune system. It comprises, amongst others, a
combination of specialized immune cells (including monocytes, basophils and
eosinophils), the complement system and immune modulatory peptides. Innate immune
cells recognize particular molecular motifs that are commonly expressed amongst
pathogens' 2. These pathogen-associated molecular patterns (PAMPs) act as ligands that
bind and stimulate their correspondent cellular receptors (e.g. Toll like receptors
[TLRs]) initiating a cascade of events that lead to innate immune cell activation. In case
of monocytes, once activated they are capable of migrating to diverse tissues and there
become antigen processing cells (APCs) by differentiating into either macrophages or
dendritic cells (DCs)*» *. Macrophages are the most abundant leukocyte type in
mammals, and aside from their important role as APCs (discussed below), these cells
have high levels of plasticity. This enables their functions in maintaining tissue integrity
(by the recognition of damage-associated molecular patterns [DAMPs] released by
neighbouring cells in distress), as well as rapid pathogen killing (by a combined action
of nitrogen and reactive oxygen species triggered by recognition of PAMPs; which is

very beneficial in the in the control of highly proliferative bacteria), to be fulfilled®.

Frequently the innate immune system is capable of clearing potential threats by
its own account, however when this is not achieved, adaptive immune responses have to
take control. The specific adaptive immune responses initiated vary according to the
type of pathogen that is infecting the host, and are characterised by the proliferation of
specific T cell subsets and their accompanying effector cytokine production®. A variety
of T cell differentiation lineages have been identified to date, however the principal
helper (Th) cell subsets include Th1, Th2 and Th17, which counter regulate each other®
7. Th1 cell expansion with secretion of interferon (IFN) v is characteristic of immune
responses mounted during bacterial and viral infections®’. The dominance of Th17 cells

instead, which secrete interleukin (IL)-17, is characteristic of fungal and extracellular
1



bacterial infections. However, Th17 cells that co-produce IFNy can also drive
autoimmunity®1°. Furthermore, proliferation of Th2 cells featuring secretion of IL-4,
IL-5 and IL-13 support the generation of allergies and fibrosis® ': 2. Modified Th1 and
Th2 responses are mounted during chronic protozoan/mycobacterial and helminth
infections, respectively. These responses have a regulatory counterpart, which features
the proliferation of T regulatory (Treg) lymphocytes (that are capable of suppressing the
proliferation of all the other T cell subsets) and secretion of the immunosuppressive

cytokines IL-10 and transforming growth factor (TGF)-p'.

Antigen presenting cells (APCs), including macrophages, are fundamental for
the establishment of all adaptive immune responses. Macrophages internalise, process
and present pathogenic antigenic peptides to T cells, which, along with secreted
cytokines, lead to the proliferation and orchestration of the specific T cell subsets.
Macrophage phenotypes are determined by their activating agents and the environment
to which they are exposed (e.g. secreted cytokines). Classical activation (in response to
I[FNy and tumour necrosis factor [TNF]) results in a pro-inflammatory macrophage
phenotype (M1), stimulating Th1 or Th17 cells that are driven towards host defence or
autoimmunity> % 1>, M2 macrophages comprise an alternative phenotype which can be
further sub classified according to their stimulant agents (which include 1L-4/IL-13, IL-
10, glucocorticoids, immune complexes and secosteroid hormones), the surface
receptors that they express, and the cytokine milieu that they secrete'®. Generally, M2
macrophages are regulatory, drive tissue repair by producing unique growth

factors/enzymes and induce the development of Th2 immune responses® > 14 1517,

1.2. Helminth parasites are master regulators of the mammalian immune

system

Infection with intracellular pathogens, such as bacteria, induce pro-inflammatory
immune responses, which are characterised by Thl expansion, with concomitant
secretion of pro-inflammatory cytokines, such as IFNy and IL-12. Importantly,
macrophages are converted into classical microbicidal phenotypes capable of
internalising and degrading the invading organism, and also of producing toxic
substances (e.g. reactive oxygen species), which target infected cells and are frequently

lethal to the microbes'> '3,



However, this type of immune response is ineffective against parasitic worms
(helminths). In contrast to microorganisms, helminths are multicellular, extracellular
pathogens. Thus, they are too large to be internalised by phagocytes for processing and
presentation to T cells. Furthermore, direct killing of helminth parasites would require a
vast amount of host secreted toxic substances, which would lead to extensive
inflammation, and result in detrimental host tissue damage'® '®. Therefore, in response
to invading helminth parasites, the mammalian host typically develops an anti-
inflammatory and regulatory immune response. This response is characterised by the
proliferation of Th2 and Treg lymphocytes, eosinophilia, basophilia, mast cell
expansion, activation of M2 macrophages, production of parasite-specific
immunoglobulin (Ig)E, and at latter stages of infection IgG4 (which counteracts IgE).
The associated cytokine milieu primarily consists of Th2 type (IL-4, IL-13 and IL-5)

and immune suppressive (IL-10 and TGF-B) cytokines '2!,

The direct impact that Th2 responses have on the longevity of helminth
infections varies between different helminth species. For example, gut-dwelling
nematodes are susceptible to the environmental changes that Th2 responses cause to the
intestinal epithelium. These changes include production of high amounts of mucus,
accelerated epithelial turnover, and intestinal muscle hypercontractability, with all of
these phenomena favouring parasite expulsion. Murine studies have demonstrated that
these effects are mediated by IL-4 and IL-13 ligation with the IL-4 receptor a on
epithelial cells, as the depletion of these cytokines causes a delay in parasite expulsion
by the host?!">>, Contrary to this, Th2 responses are actually protective for certain
helminths, promoting chronicity of infection, in tissue-dwelling parasites specifically.
This is demonstrated by anti-helminth vaccination studies where a switch towards a Th1

or Th1/Th2 response, makes the host resistant to parasite infection®®2’,

It is estimated that approximately one third of the world’s population is currently
infected with at least one type of helminth species, and, in the majority of cases,
infections with these parasites are asymptomatic or sub-clinically long term chronic!®3%-
32 The persistence of tissue dwelling parasites is accommodated by the modulation of
immune responses, away from mammalian host-protective responses and towards

Th2/Treg profiles. However, whether the host, the parasite or a combined participation

of both, drives this regulation is still not completely clear. It has been proposed that the



host may activate Th2 immunity in response to parasite infections as a damage
limitation strategy, where the harm associated with pathology would result in lesser
damage than that induced by excessive defensive Thl immunity. However, such an
extraordinary evolutionary success has been also attributed to the ability of helminth
parasites to breach the host defences, utilising immune modulating strategies, which
modify the immune response in favour of their survival, supporting chronicity of

infection within their mammalian hosts'® 21-31-33.34,

The priorities for helminth parasites change at different stages of maturation
throughout the course of infection. At initiation, the major goal is reaching the parasite’s
final niche within its host, therefore, during migration, digestion of host tissue is
fundamental. Later on, the adult worms in their final habitat focus on feeding,
maturation and production of eggs. To deal with these varied challenges, helminths
secrete and excrete a collection of molecules (known as excretory/secretory [ES]
products), specially designed to meet the relevant requirements associated with their life
cycle, and thus vary in abundance as well as composition between different stages of
infection®. Isolated ES products also display immune modulating properties, often
completely mimicking the immune response to live parasites, which strongly suggest
that the molecules secreted-excreted by helminth parasites drive/modulate the Th2/Treg

immune response of the host>*4°,

The Th2 component of such responses ensures the maintenance of a viable host
by limiting immunopathological lesions (resulting from parasite infection/migration),
while the Treg counterpart regulates the Th2 response to prevent extensive tissue

fibrosis'® 21> 32,

However, the parasite-induced Th2/Treg immune response can have
negative collateral effects on the host, rendering it susceptible to infection with
microbial pathogens, protection from which requires pathogen-specific Thl responses.
In addition, the induction of antigen-specific immune responses by immunisation is

compromised in populations that are endemic for helminth parasites® *°.

Despite this, emerging epidemiological evidence suggest that infection with
helminth parasites may actually be beneficial for the host under certain circumstances.
An inverse correlation between the incidence of helminth infections and autoimmune
diseases has been identified. This phenomenon has been suggested to arise from the
Th2/Treg responses to helminth infections regulating the induction of Thl7-mediated
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autoimmune disease. Furthermore, a similar association has been established in allergic
patients, where helminth infections ameliorate the development of allergy-specific
inflammatory Th2 immune responses. In this case, the regulatory arm of the helminth
response is responsible for this beneficial effect*!**. In both scenarios, the stimulation
of regulatory immune cell phenotypes, including M2 macrophages, Tregs and
regulatory B cells, along with their secretion of immunosuppressive cytokines (IL-10
and TGF-B), are key for the amelioration of disease associated symptoms and

pathology*> +.

For example, patients with multiple sclerosis (MS), who are
simultaneously infected with intestinal helminth parasites (e.g. Hymenolepis nana,
Trichuris trichiura and Ascaris lumbricoides) have been reported to present fewer
relapses and reduced disability scores when compared to uninfected MS patients.
Immunologically, this improvement has been attributable to the activation of regulatory
B cells and Tregs** *. Similar results have been achieved experimentally in allergic
mouse models infected with Heligmosomoides polygyrus where a reduction in allergy

associated pathology has also been characterised by Treg polarisation*?.

Although encouraging, active infection with live helminths still carries the risk
of the host developing adverse parasite-associated pathology, making the direct use of
helminths for therapeutic purposes unfavourable. Therefore, the identification of the key
molecules involved in helminth induced immune regulation, is not only essential for
their characterisation and elucidation of their mechanisms of action on specific
arms/pathways of the immune system, but is also crucial for determining their potential

usage in therapeutic applications against autoimmunity and allergies*®.

1.3. Characterisation of immune modulatory components of helminth

excretory/secretory products

The use of proteomics techniques has allowed the identification and analysis of
helminth ES products, enabling the subsequent production of individual synthetic

molecules in order to investigate their specific biological functions (Table 1.1)*.



1.3.1. PROTEASES

Cysteine proteases are commonly secreted by helminth parasites*’. When these
enzymes possess a cysteine residue in their active site, they become capable of
catalysing the hydrolysis of proteins and oligomeric peptides, resulting in the cleavage
of peptide bonds, thus generating peptide fragments*’. Aside from their general
catabolic functions, the secretion of cysteine proteases is critical for the biology of
parasites due to their roles in processing (e.g. haemoglobin degradation which is crucial
for blood feeding helminths such as Schistosoma mansoni), excystment/encystment
(important for filarial nematodes), hatching (for example of schistosome eggs), and host
cell/tissue penetration (including the larval stage invasion of Strongyloides stercoralis
and Necator americanus). However, this latter function is more associated with

helminth secreted serine and metallo-proteases®’.

Supplementary to these biological roles, it has been demonstrated that secreted
cysteine proteases also contribute to the immune modulation of host responses during
helminth infection. Supporting this premise, incubation of a human basophil cell line
with N. americanus ES products induced the expression of the cytokines I1L-4, IL-5 and
IL-13 at an mRNA level and stimulated the secretion of IL-4 and IL-13, thus favouring
the establishment of a Th2 response. This effect was not detected when N. americanus
ES was pre-incubated with protease specific inhibitors, indicating that the activity of
these enzymes was responsible for the stimulated cytokine secretion. It was proposed
that a potential cleavage of surface basophil receptors, such as CD23 and CD25, by
these proteases, induced IgE-independent basophil activation and subsequent release of
cytokines®. In a similar manner, the S. mansoni secreted protease cathepsin B
(SmCB1) also induces Th2 responses®. This switch towards protective Th2 immune
responses seems to be conserved across phyla, given that Th2 immune responses are
also triggered by cathepsin L-like proteases from the protozoan Leishmania mexicana,
where murine infection with mutated forms of this parasite (with genes encoding
cysteine proteases being disrupted), resulted in potent Thl responses that effectively
cleared infection®®. Activation of basophils and induction of Th2 immune responses also
commonly occur after exposure to allergens, many of which have been identified as
having cysteine protease activity'®> 3> 473! For example, the cysteine protease Der pl,

from the arthropod Dermatophagus pteronyssinus, mediates the development of house



dust mite allergy and asthma*’, and was found to stimulate equivalent cytokine profiles

in basophils, as those described for N. americanus ES*.

During a typical mammalian immune response, parasite-specific antibodies,
produced by the host, coat the helminth, thus enabling its identification by surface Fc
receptors on innate immune cells. This leads to the activation of the latter, and mediates
antibody dependent cell mediated cytotoxicity (ADCC), that could be detrimental to the
parasite’® 2. In vitro experiments have suggested that proteases secreted by multiple
helminth parasites are capable of cleaving immunoglobulins. Therefore, the subsequent
reduced availability or impaired interaction between parasite-specific antibodies with Fc
receptors, could be a strategy employed by helminths to prevent being attacked by
ADCC, which implies an additional immune-evasive/modulatory role for these
enzymes*’”->3. Additional immune regulatory/evasive functions have also been attributed
to cysteine proteases that are secreted by protozoans. For example, cysteine proteases
secreted by Trichomonas vaginalis, degrade the host protective C3 protein, which
prevents complement-mediated parasite lysis®*. Furthermore, calcium-independent
metalloproteases, secreted by the helminth N. americanus, have been found to degrade
eotaxin in vivo, which is a potent eosinophil chemoattractant. Therefore, by this means
eosinophil recruitment and activation can be prevented by helminths at the site of
infection. However, the specific metalloprotease responsible for this function was not

purified and its full characterisation has not been reported™.

1.3.2. PROTEASE INHIBITORS

Certain helminths, such as filarial parasites, have to undergo a series of moulting
stages during their life cycle. This involves the shedding of old cuticle in order to
expose the underlying new one, in a process performed, in part, by the action of cysteine
proteases. However, these events have to be tightly controlled, so that moulting only
occurs at the appropriate time of infection. Therefore, the parasite’s cuticle is protected

from degradation by protease inhibitors that are located on the parasite surface®.

In addition to this important role during the parasite’s life cycle, some protease
inhibitors, mainly the cystatins, are constantly secreted by helminths, which is

indicative of their importance in parasite maintenance within its host®’

. Cystatins
modulate host immune responses, by inhibiting cysteine protease-mediated processing
of antigens in APCs (with a subsequent negative impact on T cell activation and
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proliferation in response to antigen presentation)®> 3%, This mechanism of action is
characteristic of the Brugia malayi secreted cystatin homologue, BM-CPI-2, which
inhibits the activity of multiple cysteine proteases, including cathepsins S, B and L and
asparaginyl endopeptidase in host B cells. This inhibition was sufficiently effective to
impair processing of tetanus toxin antigen and invariant chain (which is a fundamental
event for antigen loading into major histocompatibility complex [MHC] II) in isolated B
cell lysosomes; and in living cells, BM-CPI-2 prevented the processing and presentation
of tetanus toxin by B cells to T cells’’. Similarly, Onchocystatin (secreted by
Onchocerca volvulus) also inhibits cathepsin L and S activity and limits antigen driven
and polyclonally stimulated proliferation. In addition, Onchocystatin induces IL-10
secretion from human peripheral blood mononuclear cells (PBMCs), and reduces
MHCII and CD86 expression on monocytes>’. The decreased availability of MCHII
would prevent the loading of antigenic peptides to this complex, which is necessary for
antigen recognition by the T cell receptor (TcR). Furthermore, the co-stimulatory signal
arising from interaction between CD28 on the T cell surface and CD86 on monocytes
would not be possible. Both of these events are central to efficient TcR signalling and T
cell activation®®. The Av Cystatin (Av17) secreted by Acanthocheilonema viteae also
stimulates the production of IL-10 and induces a macrophage regulatory phenotype®!.
Furthermore, recombinant Av17 is capable of down-regulating antigen specific and
non-specific T cell proliferation, as demonstrated in experiments using sperm whale
myoglobin-specific T cell hybridomas and in thymocytes stimulated with anti-CD3

antibodies®?.

Thus, in general, cystatins directly affect several stages of the pathways involved
in processing and presentation of exogenous antigens. Adult filarial parasites for
example reside in lymphatic vessels. This close proximity to the lymph nodes, would
make filariae particularly vulnerable to immune recognition. During infection with the
canine filarial parasite, Brugia pahangi, lymph node cells were reported to be less
responsive to challenge with parasitic-antigens, as compared to peripheral blood
lymphocytes. This implies that by preventing the efficient production of parasite
antigenic peptides and inhibiting their presentation to T cells by APCs, cystatins could

avoid the development of localised anti-parasite immune responses>’ 3.



1.3.3. IPSE/ALPHA-1, OMEGA-1 AND OTHER HELMINTH GLYCANS

During infection with S. mansoni a switch towards a Th2 response is coincident
with the deposition of eggs in the mesenteric venules of the host ®4%. Therefore, many
investigators are mining the soluble egg antigens (SEA) of this helminth in an attempt
to characterise the individual immune modulating molecules. Using this strategy, the
glycoprotein IL-4-inducing principle of schistosome eggs (IPSE)/alpha-1 and the
ribonuclease omega-1 (both possessing N-glycosylation sites), were identified®® ¢’.
IPSE/alpha-1 stimulates basophil degranulation and secretion of IL-4, which induces
Th2 differentiation, by crosslinking IgE found in the surface of these cells,
independently of antigen®®. This glycoprotein also prevents the attraction of neutrophils
and other inflammatory cells, by binding chemokines, thus inhibiting their interaction
with their corresponding receptors®>. Omega-1 is suggested to initially interact with
APCs via C-type lectin receptors, prior to being endocytosed by these cells®’. In DCs,
omega-1 dampens their pro-inflammatory response to challenge with lipopolysaccharide
(LPS), as assessed by suppression of IL-12p40, IL-12p70 secretion and prevention of
the up-regulation of CD83, CD86, CD40 and CD54, indicating its inhibitory action on
TLR-mediated DC activation®> %, However, incubation of DCs with omega-1 alone,
resulted in no alteration in the expression of surface co-stimulatory markers but
rendered these cells capable of mediating Th2 responses®> . Omega-1 induced actin
cytoskeletal rearrangements that decreased adherence of DCs, and this change in
morphology, correlated with their reduced ability to form conjugates with CD4 T cells,
impairing the activation of the latter. Therefore, it was proposed that omega-1 could be
setting weak TcR signals, thus mimicking the effects of low-dose antigen, which drives
Th2 responses. By reducing the encounter of DCs with T cells, helminths would be able
to reduce the response of these cells to high dose parasite-derived antigens®.
Additionally, in vivo studies indicate that omega-1 alone can efficiently drive Th2
responses, characterised by Th2 cell proliferation, stimulation of Tregs (via a TGF-j-
and retinoic acid-dependent mechanism) and IL-4 expression®® . Depletion of omega-1
from SEA in vitro, significantly reduced SEA’s ability to induce Th2 responses,
suggesting that omega-1 is the main component that performs this function. However,
this phenomenon does not occur in vivo, which was a likely consequence of alternative
SEA component(s) compensating for the absence of omega-1 (for example IPSE/alpha-

1 collaborating by being an alternative source of IL-4)%.



Additional helminth glycoproteins have also been associated with immune
modulatory properties. For example, chitohexaose (secreted by filarial parasites) was
shown to induce TLR4-mediated activation of M2 macrophages that secrete high levels
of IL-10. This glycoprotein also inhibited the production of the pro-inflammatory
cytokines, TNF-q, IL-1P and IL-6, by macrophages upon stimulation with LPS, both in
vivo and in vitro, which resulted in protection against endotoxemia in mice.
Chitohexaose was even protective when administered after the onset of endotoxemia,
reverting its effects’’. Similarly, Lacto-N-fucopentaose III (LNFPIII), present in SEA,
modulates APC function, stimulating IL-10 production, proliferation of M2
macrophages and driving TLR4-dependent DC-mediated Th2 responses’'”74.
Furthermore, LNFPIII has been found to induce IL-10 and prostaglandin E2 production

by B cells’ 7,

A common feature between these helminth glycans (with the exception of
chitohexaose) is the presence of a Lewis® moiety in their structure. This moiety has
been proposed to be directly involved with the immune modulatory roles of these
glycans. Although its mechanism of action has not been fully characterised, it has been
demonstrated that Lewis® directly interacts with C-type lectin receptors on APCs,
antagonising TLR signalling and inducing phenotypes that are alternative to those
stimulated by pro-inflammatory triggers, such as LPS. However, more recent studies
have suggested that the activity of IPSE/alpha-1 is independent of this motif, given that
its recombinant form is still capable of inducing IL-4 secretion in a concentration-
dependent manner. This indicates that although the Lewis® moiety might be
contributing to the immune modulatory functions of certain helminth glycans, its

function does not seem to be a global characteristic of this group of proteins®’ 72,

1.3.4. CYTOKINE HOMOLOGUES

Some proteins secreted by helminth parasites have been identified as homologs
of mammalian cytokines, which act in an analogous way, interacting with host cell
receptors and inducing changes in phenotype and function of immune cells**. For
example, the macrophage migration inhibitory factor (MIF) homologue secreted by B.
malayi and Ancylostoma ceylanicum, in conjunction with IL-4, promotes the activation
of macrophages, which express markers that are characteristic of an M2 phenotype;

including the chitinase-like molecule Chi3L3/Ym-1, the resistin-like molecule (RELM)-
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o and arginine-metabolising arginase-1. These M2 macrophages have been shown to

inhibit the development Th1 responses® !%- 20- 33, 76-78

and also to directly induce T cells
to acquire Th2 phenotypes and play roles in protecting the host from the potentially
dangerous inflammation'®: 3”78, Helminths (including H. polygyrus) also produce TGF-
B homologues, which facilitate the differentiation of Tregs (by direct stimulation of

Foxp3* expression) that secrete the regulatory cytokine, IL-102% 313377,

1.3.5. ANTIOXIDANTS

Individuals, who are resistant to parasitic infections, generally present elevated
production of reactive oxygen species (ROS). ROS result from the reduction of oxygen
to water and are produced upon the detection of danger by innate immune cells, such as
macrophages, in order to mount an oxidative assault against invading pathogens”.
Enzymes specialised in the synthesis of free radicals produce superoxide, oxygen
radicals, and hydrogen peroxide, which are toxic to helminths®® 8!, In their defence
helminths secrete a series of antioxidants, including superoxide dismutases (SOD),
catalases (CAT), glutathione peroxidase (GPx) and peroxiredoxins (Prx), thereby
counteracting the damage that excessive oxidation could generate, as well as helping to
maintain redox homeostasis®> 3% 7% _If contact between ROS and the parasite surface
is not prevented, lipid peroxides will be produced, inducing cytotoxic carbonyls that
cause damage to proteins, nucleic acids and membranes of the parasite, ultimately
leading to its death”. SODs (abundantly produced by Nematospiroides dubius and adult
S. mansoni) function by accelerating the dismutation of superoxide to hydrogen
peroxide, which is subsequently transformed in to water and oxygen by action of CAT
(abundantly secreted by microfilariae and adult worms of B. malayi). Despite this, CAT
is only secreted by certain helminth species and although mammalian GPx can
inactivate hydrogen peroxide, helminth secreted GPx mostly interacts with lipid
hydroperoxides®?. Therefore, the majority of helminth driven hydrogen peroxide
detoxification is performed by Prxs, which are abundantly secreted by most helminth
parasites, including S. mansoni and Fasciola hepatica, and whose sulphydrilic groups
reduce hydrogen peroxide to water and alkyl hydroperoxides to alcohols’ %> %%, Prxs are
classified into 1-Cys or 2-Cys according to the number of conserved cysteine residues,
with the latter subgroup being represented by F. hepatica and S. mansoni Prxs (that

plays an important role in protecting eggs from attack by host ROS)" 8385,
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Helminths can also use antioxidants to directly damage host cells, which
otherwise would be potentially harmful to the parasite. Such is the case of M.
americanus that by secreting SOD but not CAT, increases the production of hydrogen
peroxide, leading to the formation of reactive hydroperoxides which are toxic to host
immune cells”. In addition, helminth secreted antioxidants have been found to act as
immune modulators, for example F. hepatica, S. mansoni and Haemonchus contortus
produced Prxs, stimulate the in vivo alternative activation of macrophages and
macrophage in vitro secretion of IL-10, which promotes Th2 development while

suppressing Th1 responses’’ %,

1.3.6. ES-62 A PHOSPHORYLCHOLINE (PC) CONTAINING GLYCOPROTEIN

The best characterised helminth secreted molecule to date is ES-62, a
phosphorylcholine (PC)-containing glycoprotein, secreted primarily by the adult stage
of the rodent filarial nematode, A. viteae, accounting for over 90% of this parasite’s ES
products. The phosphorylcholines, acquired as post-translational modifications and
attached to the terminal N-acetylglucosamine (GIcNAc) residues of this glycoprotein,
have been identified as its active immune modulatory component, and despite its
extreme abundance, the biological significance of this glycoprotein’s backbone structure
remains unknown. It has been proposed that its functionality may simply be to act as a
carrier for the PC groups®’. In fact, attachment of PC to irrelevant proteins can
reproduce the effects of ES-62. Homologues of ES-62 are found in ES products of B.
malayi (although lacking PC), B. pahangi, O. volvulus and Loa Loa*® %", Structurally,
ES-62 is formed by ~62kDa monomers forming a tetrameric glycoprotein (~240kDa)
with 4 potential N-linked glycosylation sites*®. In vivo studies on BALBc mice
indicated that subcutaneous administration of ES-62 stimulates a potent Th2
polarisation, characterised by IgG1 production. This was dependent on the presence of
PC and proposed to arise as a combined effect of the down-regulation of Th1 antibodies
(IgG2) and the activation of IL-10 production by B1 cells®” ¥, Amongst its numerous
immune regulatory functions, ES-62 has been found to desensitise B cell receptor (BcR)
ligation by preventing the activation of downstream proliferative pathways,
phosphoinositide 3 kinase (PI 3-K) and Ras/Erk MAPK, thus interfering with activation
of B lymphocytes and their subsequent proliferation. Despite this, BcR signalling is not
completely blocked. For example, BcR-coupled PLC-y-mediated hydrolysis of
diacylglycerol (controller of Ca*" mobilisation) remains unaffected by ES-623% 8,
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Similarly, ES-62 also disrupts TcR coupling to phospholipase D, protein kinase C, PI 3-
K and Ras/Erk MAPK causing T cell anergy to these signalling cascades®. Based on
these observations it has been hypothesised that phosphorylcholine-containing ES
products, which are conserved in filarial parasites, induce lymphocyte

hyporesponsiveness during infection®® .

The modulatory effects of ES-62 are not limited to lymphocytes but also affect
APCs via direct modulation of TLR responses and MyD88-dependent signalling
pathways. This results in the formation of immature APCs that express low levels of co-
stimulatory factors and decreased pro-inflammatory cytokine secretion in response to
engagement with PAMPs, which are conditions conducive to the establishment of Th2
responses>®. Consistent with the brief presence of Thl responses during the early stages
of infection with certain helminths, exposure of unchallenged macrophages to ES-62
induces a weak secretion of pro-inflammatory cytokines. However, it has been
suggested TLR4 interaction with ES-62 differs from that of LPS and TLR4°.
Moreover, treatment of DCs and macrophages with ES-62 prior to IFN-y/LPS
stimulation results in modulation of the MyD88 signalling pathway (downstream of
MAPK and NF-xB effectors) that suppresses the production of pro-inflammatory
cytokines (IL-12, IL-6 and TNF-a)). Such TLR4-MyD88 signalling-dependent cytokine
production down regulation has been also detected in mast cells and Th17 cells (with

decreased IL-17 secretion) when exposed to ES-623% 91,

1.3.7. ADDITIONAL ES PRODUCTS THAT ARE IMMUNE MODULATORS

The immune modulatory properties of certain helminth secretions have been
linked to their possession of particular motifs or posttranslational modifications, rather
than to belonging to an already established group of homologous molecules with known
functions. Such is the case for ES-62 with its PC groups®’. This means that their
backbone structures may not be necessarily conserved amongst helminth secretions or
have homology to other molecules with similar mechanisms of action. For example,
glycosylation of schistosoma (and other helminth) glycoproteins has been attributed to
enable their interaction with TLR4, thus modulating APC activation, specially by
inducing anti-inflammatory macrophage phenotypes, that favour the development of

Th2 responses during helminth infection® >33 67,
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Also, the mechanism(s) of action and/or functional significance of certain ES
components secreted by multiple helminth species, which are classified in particular
molecular groups, remain elusive. For example, galectins, identified amongst the
secretions of a variety of helminths, are capable of binding to carbohydrates and their
interaction with host immune cells has been recognised®>. A direct general function has
not yet been attributed to these proteins as a group. However, given that host cells
possess cytosolic galectins, which are released by dying cells upon pathogen-induced
tissue damage and secreted by inflammatory activated host cells (causing immune
modulation), it is possible that helminth secreted galectins may be potentially acting as
homologues to host DAMPs** ?2, Certain helminth secreted galectins have been well
studied, such as T/-gal from Toxascaris leonina, which is capable of suppressing
inflammatory reactions by inducing the expansion of TGF-B/IL-10 producing T cells
and preventing the synthesis of Thl and Th2 cytokines’>. Also strong chemokinetic
effects on eosinophils have been demonstrated by H. contortus galectins in vitro, which
was suggested to mimic the mammalian galectin GAL-9, that has known eosinophil
recruitment functions®. Both eosinophilia and the stimulation of Treg cells are features
of the Th2/Treg immune response during helminth infection; thus, by secreting these
types of galectins, helminths could be promoting the establishment of such immune

reésponscs.

Another group of secretions are the venom allergen homologues, often found in
helminth ES products, for which a general function has not been clearly demonstrated?>.
However, one of these homologues, Na-ASP-2, secreted by N. americanus has been
found to induce the influx of leukocytes (mainly neutrophils and monocytes) to skin
pouches, suggesting an in vivo chemoattractant role, which was further supported by an
in vitro chemotaxis assay’®. Furthermore, crystal structural studies had predicted Na-
ASP-2 to be able to bind to chemokine receptors, which correlates with the
aforementioned functional findings®®. The neutrophil inhibitory factor, NIF, secreted by
A. caninum, is a glycoprotein that also belongs to the family of venom allergen
homologues, and it inhibits neutrophil function, including preventing their adherence to
the wvascular endothelium, phagocytosis, and secretion of hydrogen peroxide by

interacting with the receptor CR3 (CD11b/CD18) found in this cells*®*7.
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Additionally, two heat shock proteins, Sra-HSP-17.1 and Sra-HSP-17.2
(secreted by Strongyloides ratti) have been shown to have the ability of binding to
monocytes and macrophages, stimulating the former to produce IL-10, which is an
indication that these heat shock proteins may be contributing to the modulation of host
responses’. Also, particularly relevant to gut-dwelling helminths nematodes,
acetylcholinesterases secreted by these parasites have been suggested to prevent parasite

clearance by reducing the abundance of fluids in the gut*

. Calreticulin, secreted by H.
polygyrus, is another helminth immune modulator that has been demonstrated to
stimulate T cell secretion of IL-4 and IL-10 which promotes Th2 responses”. And
chitinases, secreted by this same parasite are proposed to decrease parasite-derived
chitin levels (which would otherwise stimulate Th2 responses) therefore dampening
Th2 immunity*®. Finally, the helminth lipid-like schistosome Lyso-phosphatidylserine,
has been found to induce DC-mediated activation of IL-10 producing Tregs, by

interacting with DC TLR2!%,
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Table 1.1 Classification of identified helminth ES components and their immune modulatory/evasive effects.

Specific molecules

ES product Immune modulatory/evasive effects Secreted by Ref
(when relevant)
Acetylcho- Acetylcho- May inhibit fluid accumulation in the gut preventing parasite Gut-dwelling 33
linesterases linesterases clearance. nematodes
illslr)s lrl?:slgse Heligmosomoides 79, 82,
catalases ’ Antioxidant properties/ protect from host ROS. polygyrus, Schistosoma | g3
Antioxidants L mansoni, Brugia malayi
glutathione
Peroxiredoxins Antioxidant properties/ protect from host ROS. Promotes Th2 S. mansoni 79, 83-
responses by inducing M2 macrophages and IL-10 secretion. Fasciola hepatica 85
Calreticulin Calreticulin i)erlllxsles Th2 responses by inducing IL-4 and IL-10 secretion by T H. polygyrus 99
Chitinases Chitinases Reduces Th2 responses by decreasing parasite derived chitin levels. | H. polygyrus 46
(iaileeci‘iln-sliireld Galectins (e.g. BM- | Inhibit Th1l and Th2 cytokine production and stimulates TGF-f and Zor:gfgy ll‘I Tooxlascc}zﬂl;z; 92,93
& GAL-1, TI-GAL) IL-10. Modulates eosinophil migration. » 1. POLVEY
molecules Haemonchus contortus
Chitohexaose Prevents macrpphage response to LPS and induces an M2 Setar?a dlgltata., 70
phenotype by interacting with TLR-4. Brugia pahangi
Lacto-N- In macrophages stimulates IL-10 secretion and an M2 phenotype.
fucopentaose I11 Promotes DCs to secrete IL-10 and mediated Th2 responses. S. mansoni eggs 71-74
Glycans (LNFPIII) Induces 1L-10 and prostaglandin E; production by B1 cells.
(IPSE)/alpha-1 Stlmula‘Fes basophil degranulation and IL-4 secretion. Sequesters 33, 64
chemokines. .
Schistosome eggs A

Omega-1

Dampens DC response to LPS, stimulates DC-mediated Th2
proliferation, and induces Foxp3 expression and IL-4 in T cells.

69
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Table 1.1 continued...

ES product Specific molecules | Immune modulatory/evasive effects Secreted by Ref
N v —— B eyt rcsions |
Cytokine Y Y 33
homologues TGF-B Stimulates differentiation of Tregs and IL-10 secretion. B. malayi, H. polygyrus | '°"
102
Heat shock Sra-HSP-17.1 . . . 08
proteins Sra-HSP-17.2 Stimulate monocytes to produce IL-10. Strongyloides ratti
Linids Lyso- Induces TLR2 dependent DC-mediated activation of Tregs that S. mansoni, Ascaris 100
P phosphatidylserine | produce IL-10. lumbricoides
. . . . ES-62: A. viteae 38,87-
Phosphorylcholi . Stimulates Th2 polarisation, B cell IgG1 production, IgG2 down . | 89,91
7 ES-62 and its : . .. X Homologues: B. malayi, | °>7"
ne-containing regulation and IL-10 secretion. Desensitizes BcR, TcR, TLRs in 103
i Homologues . . Onchocerca volvulus :
glycoconjugates APCs and down regulates MyD88 dependent cytokine secretion. and Loa Loa 104
Cysteine proteases | Stimulate Th2 responses. Degrade TL3, dampening macrophage . . 53,105
Proteases -Cathepsin L response to LPS stimulation. Cleavage of immunoglobulins. Fasciola hepatica
Metalloproteases Inactivate eotaxin which prevents eosinophil recruitment. Necator americanus >
. Inhibit cysteine protease activity of APCs reducing antigen
Cystatins and . . . 46, 57-
processing and by default presentation. A. viteae, O. volvulus, :
Protease homologues (e.g. . . N 59. 61
o e Stimulate macrophage regulatory phenotype and IL-10 secretion Clonorchis sinesis, H. ’
inhibitors Av-17, Bm-CPI-2, . .
onchocystatin) which inhibit T cell responses. plygyrus, B. malayi
Reduce MHCII and CD86 expression on monocytes.
Venom Allergen | Na-ASP-2 Induce monocyte and neutrophil chemotaxis. N. americanus o4
homologues NIF Inhibit neutrophil functions. Ancylostoma caninum 33
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1.4. Fasciola hepatica: A model of helminth-induced immune-

modulation

Fasciola hepatica is an economically and medically important helminth parasite
that causes fasciolosis (liver fluke disease), in its mammalian host!% %7 All mammals
become orally infected after ingestion of F. hepatica metacercariae, which excyst in the
duodenum. The excysted juvenile worms then penetrate the intestinal wall, cross the
peritoneal cavity and migrate through the liver parenchyma before reaching their final

niche in the bile ducts, where flukes mature and produce vast numbers of eggs’> 373

108

Importantly, this parasite infects a wide array of mammalian hosts, and therefore
provides an ideal model to study the mechanisms of helminth-mediated immune
modulation. Within a laboratory setting, mice are commonly used as an infected host
and respond with the same immune response as naturally infected sheep, cattle and
humans®- 196197199 "I addition, unlike many other helminth parasites, the induction of
Th2 immune responses is not dependent upon the deposition of eggs or the maturation
to adulthood. Instead F. hepatica displays a remarkable ability to induce a very rapid
switch (within 12h post infection) towards a Th2 immune response within all its
mammalian hosts, to the point that indications of Thl-associated immunology are
almost completely absent>” '%°. This Th2 response is characterised by the activation of
M2 macrophages, which respond inefficiently to pro-inflammatory stimuli*” '1°. By 7
days post-infection, levels of IL-4, IL-5 and IL-13 are significantly increased, indicating
that a potent Th2 response is fully established®” !°7. At the chronic stages of infection
with F. hepatica (about 21 days post infection in the murine host), macrophages secrete
IL-10 and TGF-B, DCs acquire an immature phenotype characterised by the secretion of
IL-10, and Foxp3" Tregs become recruited and their expansion is stimulated'!!. The
Tregs control the potency of the parasite-specific Th2 response (this regulation being
mostly mediated by action of IL-10) as well as preventing the development of Thl and

Th17 responses!®” 11,

During the entire course of infection, F. hepatica secretes and excretes a series
of molecules termed F. hepatica excretory/secretory (FhES) products that mediate
immune modulation. Murine studies have indicated that administration of FhES alone,

replicates the main features of natural infection with the helminth, namely the
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suppression of Thl responses and the stimulation of a parasite-specific Th2 immune

I.esponse37, 39, 86, 105, 112'

Furthermore, proteomic analysis indicates that the profile of
FhES is relatively simple when compared to the ES of other helminth parasites (such as
the complex ES of Trichuris suis, which has been found to be composed of 1288
molecules, from which 120 have been proposed as possible immune modulators),
making the identification of key immune regulatory molecules responsible for driving
the switch towards the Th2 response, characteristic in F. hepatica infection, more

attainable!'%% 113,

The constituent molecules of FhES have been extensively analysed and
individual components tested for immune modulatory ability?’> 3% 105 108 114, 115
Fractionation of FhES products by size exclusion chromatography, obtained after
culture of adult worms in vitro, revealed two major protein peaks, termed PI (>200 kDa)
and PII (60-20 kDa). Peritoneal injection of these fractions into mice resulted in the
stimulation of M2 macrophages and parasite-specific Th2 responses by PI, and
inhibition of Thl immune responses by PII*®. Subsequent separation of the fractions by
one-dimensional gel electrophoresis, followed by in-gel trypsin digestion and mass
spectrometry analysis, indicated that PII, which accounts for 80% of FhES, was
composed of cathepsin L cysteine proteases (FhCLs) from which cathepsin L1 (FhCLT)
was the most abundant; whereas PI, was primarily composed of the antioxidant enzyme,
peroxiredoxin (FhPrx), and a more abundant, previously uncharacterised peptide,
termed FhHDM-137- 86 108 115 Homologues of these three molecules have been
identified within the ES products of other helminth species, including the liver flukes
Clonorchis sinensis and Opisthorchis viverrini, the lung fluke, Paragonimus
westermani, and the blood flukes S. mansoni and Schistosoma japonicum?®> 8% 115,
However, the aforementioned parasites preferentially secrete cathepsin F, as opposed to
cathepsin L, with the exception of the Schistosoma spp., which despite also secreting
cathepsin F, predominantly expresses cathepsin L'!®. Based on this evolutionary
conservation, the abundance of these molecules within FhES, and the in vivo effects that

administration of the individual FhES fractions (PI and PII) that contain them induced,

suggested that these molecules are likely important immune modulators.
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1.4.1. FaCL1

FhCLs constitute the most abundant secretions of F. hepatica, with multiple
phylogenetic clades being differentially expressed throughout the diverse stages of
infection. These include FhCL1, FhCL2 (both expressed at the immature and mature
stages of the parasite), FACL3 (present during penetration of the host intestinal wall by
the infective larvae), and FhCL5 (expressed during the mature stage), FhCL1 being the
major clade expressed by the adult parasite!®® ' In terms of helminth survival, fluke
cathepsin Ls play major roles in parasite migration and feeding, given that these
enzymes degrade host interstitial matrix proteins and haemoglobin. These essential
functions explain why cysteine proteases are abundantly secreted by the majority of
helminth parasites*’. However, FhCL1 in particular has also been shown to play a role
in the evasion and modulation of host immune responses. FhCL1 cleaves host IgG,
which prevents the binding (and therefore identification) of the antibody coated
helminth by Fc receptor bearing macrophages, which would lead to activation of

immune cells and ADCC, to destroy the parasite>.

Additionally, mice given a systemic injection of FhCL1 were unable to mount a
bacterial-specific protective immune response when exposed to Bordetella pertussis or
the whole cell pertussis vaccine, indicating that FnCL1 inhibits the development of Th1
responses' 107112 A more detailed analysis of the potential mechanism used by FhCL1
showed that the enzyme cleaved TLR3 in murine macrophages, inducing its degradation
within endosomes. This resulted in the inactivation of the MyD88-independent TRIF-
dependent signalling pathway in response to TLR4 and TLR3 stimulation'®. It was
proposed that such modulation of macrophage signalling pathways would in turn make
these cells more susceptible to switching towards an M2 phenotype by other parasite
molecules or cytokines, therefore supporting the establishment of a Th2 environment!!”-
1o

During the migrating stages of infection with many helminths, including F.
hepatica, perforation of host intestinal epithelium can cause the
dissemination/translocation of luminal bacteria and their toxins into the circulation,
which can escalate to fatal septic shock!® !>, However, sepsis is not common during
helminth infections, and is proposedly prevented by the action of helminth ES

components (specifically FhCL1)!%.

By preventing the excessive inflammatory
response associated with disseminating intestinal bacteria, FhCL1 would not only
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protect the host from sepsis but would also avoid elimination of the parasite by the

potent Th1 response.

The importance of FhCL1 in the modulation of immune responses has been
further highlighted in vaccination studies. Vaccination of livestock with recombinant
FhCL1, in combination with mineral oil based adjuvants, induced significant protection
(48.2%) in cattle experimentally challenged or exposed to pastures contaminated with
liver fluke. Protected animals presented high titres of FhCL1 specific IgG1 and IgG2
(with IgG1 only being detected in control groups), which are representative of a Thl
type immune response. Furthermore, macrophages from immunised, protected cattle
expressed lower levels of Argl, indicating an impaired stimulation of M2

macrophages!?® 12!,

1.4.2. FHPRX

Secretion of FhPrx is most abundant during the juvenile and adult stages of the
F. hepatica life cycle’” %, Apart from its ability to protect the parasite from reactive
oxygen species (by detoxification of hydrogen peroxide), immune modulatory
properties have been attributed to this enzyme. Intraperitoneal injections of recombinant
FhPrx to mice were found to stimulate the activation of M2 macrophages (characterised
by increased Fizzl and Argl gene expression). This occurred independently of the
enzyme’s antioxidant activity, as an inactive recombinant version of FhPrx, where the
active site Cys residue was replaced by Gly, retained the ability to induce M2
macrophages®” ®¢. In vitro incubation of unchallenged RAW 264.7 macrophages with
this antioxidant also induced increased expression of Argl, secretion of IL-10 and
prostaglandin E> (PGE»), characteristic of an M2 phenotype, suggesting that FhPrx
directly induces the activation of M2 macrophages’’. The FhPrx-induced M2
macrophages displayed an increased production of TGF-3, which aids the orchestration
of Th2-type immune responses®” *¢. Incubation of FhPrx-activated M2 macrophages
with naive CD4" T cells induces the polarisation of the latter, towards a Th2 phenotype
and stimulates subsequent secretion of anti-inflammatory cytokines (IL-4, IL-5 and IL-
13)%. Given that these effects are independent of the antioxidant function of FhPrx and
that they were replicated by a murine Prx homologue, it was proposed that a yet
unknown shared motif could be interacting with host receptor molecules. This

mechanism is likely to be generically conserved amongst helminths, due to the high
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sequence similarities between Prxs secreted by other helminth parasites and the Th2

responses (involving M2 macrophage activity) that they trigger®.

Similar to the actions of FhCLI, neutralisation of parasite-secreted Prx via
immunisation, or by delivery of neutralising antibodies, inhibited the development of
Th2 responses in mice, during a challenge infection with F. hepatica. In addition,
vaccination of sheep with recombinant FhPrx also induced protection levels of 52%
after challenge with F. hepatica®®. These outcomes clearly support a role for Prx in the
modulation of immune responses, which occur during infection and more specifically in

the induction of Th2 immune responses®® 122,

1.4.3. FHHDM-1

The previously uncharacterised peptide, FRHDM-1, is secreted during all stages
of infection. Robinson et al. were the first to determine the complete sequence of the
secreted mature form of FnHDM-1, and, in its native conformation, this peptide was
found to have a size of 8 kDa''>. In low pH environments FKHDM-1 presents a high
degree of oligomerisation, which explains its identification within the high molecular
mass fraction (>200 kDa) of ES components (PI) and has been proposed as a possible
mechanism that protects this peptide from proteolysis in the acidic gut of the parasite!!”.
Most recently, haem-binding properties have been attributed to FnHDM-1'%, Adult F.
hepatica flukes are obligate blood feeders and during the digestive process,
haemoglobin is degraded by FhCLs resulting in the release of potentially toxic free
haem, which is subsequently regurgitated by the parasite!®® 12°. It was suggested that
FhHDM-1 could thus possibly function as a chaperone capturing the free haem for

detoxification purposes or for its transportation to different organs, however these

theories are yet to be proven'?>.

Initial studies of the primary sequence of FhHDM-1 (Figure 1.1 B) did not
reveal the presence of known functional motifs that could predict the potential roles of
the peptide. However, secondary structural analysis by CD spectroscopy revealed that
the C-terminal hydrophobic region of this peptide has an amphipathic o-helix
conformation (Figure 1.1 A). This structure closely resembles that of the secondary
structure of the human cathelicidin, LL-37, which belongs to the family of host defence

peptides (HDPs)'!>,

22



FhHDM-1

/7 ‘ FhHDM-1p2 =
B FhHDM-1—»MRPSEESREKLRESGRKMVKALRDAVTKAYEKARDRAMAYLAKDNLGEKITEVITILLNRLTDRLEKYAG

Figure 1.1 Characterization of FhHDM-1 and structural homology to LL-37. A. Helical wheel analysis of the conserved C-terminal
hydrophobic regions of LL-37 and FhHDM-1 indicate high structural similarity between these peptides''>. Directly below, model structure of
FhHDM-1 (hydrophobic phase shown in red)'?*. B. Primary sequence of FhHDM-1 (with 34 residue C-terminal fragment; FhHDM-1p2), amino

acids comprising the putative cholesterol binding motif are boxed in grey and the hydrophobic regions underlined!'* 1>,
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1.5. FhHDM-1 is a helminth-derived peptide with homology to the

mammalian cathelicidin defence peptides

Eukaryotic organisms produce an evolutionary conserved group of short (12-50
amino acids, at least 50% of which are hydrophobic), amphipathic, positively-charged
peptides that are known as antimicrobial peptides (AMPs)!?127. AMPs are primarily
synthesised by cells of the innate immune system (such as macrophages and DCs) and
are released in response to cellular stimulation by pathogens and/or pro-inflammatory

triggers, presented during infection and tissue damage!!> 128

. These peptides are
generated/activated upon the cleavage of their precursor proteins and have been
associated with broad spectrum antimicrobial properties'>> %, In addition, some AMPs
are efficient immune modulators and these have been additionally called host defence
peptides (HDPs)!?% 129131 A range of different functions have been attributed to these
HDPs, such as, chemotaxis, mimicry and/or regulation of chemokine and cytokine
secretion, induction of angiogenesis, promotion of wound healing, and polarisation of
adaptive immune responses'?> 132, AMPs/HDPs have a wide variety of primary
sequences; therefore, these peptides are classified according to their secondary
structure''>. The two major groups, with important roles in immune defence, are the
cathelicidins and defensins (characterised by linear a-helical or B-sheets [stabilised by
intra-molecular disulphide bridges] structures, respectively)!*!. Many HDPs (specially
the cathelicidins) exert their immune-regulatory effects directly on APCs, via
preventing their full maturation and/or ability to orchestrate adaptive immune responses

(such as by modulating cytokine secretion)!'3% 133 134,

The most widely studied HDP is LL-37, which is the only human cathelicidin
identified to date. This peptide is derived from the cleavage of its precursor protein,
human cationic antimicrobial protein 18kDa (hCAP18), which releases the 37 residue
C-terminal peptide!®!. Increased levels of LL-37 are produced in response to injury,
infection and during a range of immune-mediated diseases, which has led to suggestions
of a role in combating disease and assisting the immune system'?* 3! LL-37 is
expressed (at varying concentrations) in multiple cell types, including neutrophils,
macrophages and mucosal epithelial cells. This cathelicidin is capable of modulating

and neutralising the response of innate cells to pathogen associated ligands, such as LPS
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(a property also shared with other mammalian HDPs, including bovine BMAP-28,
sheep SMAP-29, and mouse CRAMP)'*°. LL-37 also acts as a chemoattractant for T
cells and mononuclear cells (neutrophils and DCs), and induces mast cell
degranulation!’>.  Aside from its immune modulatory properties, LL-37 is an
antimicrobial peptide that is reported to kill at least 45 bacterial species'*®. Its
antimicrobial activity is attributed to its C-terminal helix, and a mechanism by which,
the acid phospholipid head groups on bacterial membranes (which are negatively
charged) are bound by electrostatic forces to the positively charged amino acids of the
peptide. Accumulation of LL-37 causes a positive curvature strain that leads to a series
of translocations, which form pores within membranes causing increased permeability,
and ultimately bacterial death!*®. Low concentrations of LL-37 preferentially target the
negatively charged cell surfaces of bacteria, which distinguishes them from most

eukaryotic membranes (that possess essentially neutral surfaces)'*”.

LL-37 activation results from the cleavage of hCAP18 by proteinase 3, in the
neutrophil azurophil granules'! *®, Similarly, FtHDM-1 is also proteolytically cleaved
by the co-secreted FhCL1, resulting in the release of a bioactive 34-residue C-terminal
peptide fragment (termed FhHDM-1 peptide 2 [FhHDM-1p2]) containing the
amphipathic helical region (Figure 1.1 B). This suggests that full length FRHDM-1 may
behave as a precursor molecule!!®. However, full-length FKkHDM-1, as well as FhnHDM-
1p2, are capable of suppressing the secretion of pro-inflammatory cytokines by
macrophages stimulated with LPS. This inhibition has been attributed to the high
binding affinity between FhHDM-1 and LPS (dependent upon the peptide’s intact
amphipathic helix), which results in sequestration of the bacterial ligand, thus disabling
its interaction with LPS-binding protein (LPB) found on the macrophage surface!'.
Furthermore, delivery of FhRHDM-1 to mice affords protection against the development

of inflammatory responses associated with LPS-induced sepsis'">.

These findings indicated that FhRHDM-1 not only resembled LL-37 structurally,
but also shared functional similarities''>. FnHDM-1 also shares multiple similarities
(namely, possessing a predicted N-terminal signal peptide, amphipathic o-helical
secondary structure and a highly conserved hydrophobic C-terminal portion) with other
helminth secreted molecule sequences, indicating an evolutionary conservation amongst

trematode pathogens of clinical significance, including C. sinensis, O. viverrini, P.
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westermani, S. mansoni and S. japonicum'*®. These FnHDM-1 homologues include
SmHDM-1 and SmHDM-2 (both secreted by S. mansoni)'*>. Thus, a novel family of
helminth-produced HDP homologues, termed helminth defence molecules (HDMs), has
been revealed, which has been suggested to result from helminths mimicking and

exploiting HDP function'!>,

A detailed comparison of helminth C-terminal HDM peptides and a panel of
similar length, well-studied mammalian HDPs, reported by Thivierge et al.,
demonstrated biochemical similarities between both peptide families, including a net
positive charge (+3 to +9; with the exception of FKRHDM-1p2 that had a charge of 0),
having a percentage of hydrophobic residues between 34 to 44, and an estimated
potential to bind to other peptides (Boman index) ranging from 1.34 and 3.11.
Furthermore, helical wheel analysis indicated that they all acquire an amphipathic a-

helical structure'?>.

It was also revealed that SmMHDM-2p58 is a very potent LPS inhibitor, almost as
efficient as BMAP-28, however the other tested S. mansoni HDM peptides did not
possess this strong affinity, suggesting that this feature may not be common amongst
the HDM family'*>. The bactericidal activity of C-terminal HDM peptides (FRHDM-
1p2, SmMHDM-1p2 and SmHDM-2p58) was compared to that of mammalian HDPs
(CRAMP, SMAP-29 and BMAP-28) against a group of gram negative and positive
bacteria, by measuring the minimal concentration capable of inhibiting visible microbial
growth (MIC). The tested HDPs were very efficient at killing both bacterial types tested
(MIC<8ug/mL). However, the HDM peptides, at all the tested concentrations, were
incapable of performing bactericidal activity against any of the bacteria tested. Using a
similar approach, the investigated HDPs were parasiticidal against Cryptosporidium
parvum and Cryptosporidium hominis sporozoites, BMAP-28 being the most efficient at
2.5uM and LL-37 displaying the lowest overall efficiency of the group. Contrary to this,
the HDM peptides presented no parasiticidal activity, even at the highest concentrations

tested'.

At high concentrations, LL-37, and most mammalian HDPs, haemolyse red
blood cells, mediated by their pore forming capabilities. In contrast, the S. mansoni
HDM peptides did not cause red blood cell lysis at any of the tested concentrations and
FhHDM-1p2 displayed only low level cell cytotoxicity (11.4%) when used at the
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highest concentration (256pug/mL), which was much lower than the 70% lysis caused by
BMAP-28 at the same concentration. Consistent with these findings was the
demonstration of pore formation in the membrane of macrophages mediated by HDPs,
but not by HDM peptides. This absent/lower cytotoxicity was hypothesised to be
associated with the lower abundance of positive charges on the polar face of the HDM

peptides, as compared to the HDPs tested'®.

With respect to their modulatory properties, the tested HDPs (even at low
concentrations of 0.5uM) were capable of preventing TNF secretion by macrophages
stimulated with LPS and IFNy. However, HDMs were only capable of mimicking this
effect when used at much higher concentrations (10-50uM) that in case of HDPs would
be cytotoxic. But at these concentrations, HDMs were even more efficient than HDPs.
HDPs as well as HDMs (with a lower potency) increased IgG1 production by B cells
when exposed to LPS and IL-4 (a favourable environment for Th2 responses) and
suppressed generation of IgG2 when exposed to LPS and IFNy (Thl biased

environment) although again, HDMs were less efficient!®.

The conservation of biochemical and modulatory properties of HDPs by
trematode secreted C-terminal HDM peptides, with a lack of bactericidal or parasiticidal

abilities, suggest that HDMs are likely more specialised towards immune regulation.

1.5.1. A PROPOSED MECHANISM OF ACTION FOR FHHDM-1

Flow cytometry studies have elucidated a binding preference of FhRHDM-1 to
macrophages, of both murine and human origin, above other immune cell types (Lund,
M. and McCauley-Winter, P. unpublished data). Apart from having general homeostatic
roles including elimination of cellular debris and recycling, macrophages have
important immunological functions. These cells are specialised in the internalisation,
processing and presentation of antigenic material, and thus form an important link

between innate and adaptive immune responses!’s 139141

. Therefore, by selectively
binding to macrophages, FhHDM-1 could potentially exert a profound effect in terms of
immune regulation. Preliminary localisation studies indicated that a recombinant
version of FhHDM-1 (RecFhHDM-1) interacted with primary human macrophages,
presenting a peripheral distribution beneath the plasma membrane region. This was
further supported by western blot analyses of membrane fractions, obtained from
FhHDM-1 treated macrophages, where an interaction between the peptide and soluble
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plasma membrane components was identified. Furthermore, the initial
binding/association between FhRHDM-1 and macrophages was found to be independent
of surface macrophage proteins, as trypsinization did not abolish binding!'**?. Certain
HDPs reportedly influence immune cell function by interacting with and/or penetrating
cellular membranes. Once internalised, these peptides bind to intracellular molecules,
which result in modulation of specific pathways'?® ¥, Global proteomics analysis of
primary human macrophages treated with RecFhHDM-1 revealed a down-regulation of
proteins associated with lysosomal function, including lysosomal membrane proteins,
hydrolases and vacuolar ATPase subunits'*?. Further exploration into these findings
suggested that FKRHDM-1 down-regulates ATPase activity in endo-lysosome enriched

membrane preparations' !,

Therefore, the hypothesis of the current study was that, similar to the
mammalian HDPs, FhHDM-1 has intracellular targets, which impact upon the
biological activity of macrophages. Accordingly, this study aimed to investigate if and
how FhHDM-1 was internalised by macrophages and the subsequent effects on
macrophage function. Elucidating the mechanism of action of FnHDM-1 will not only
expand our understanding of the immune modulatory properties that this peptide is
likely to have during F. hepatica infection, but will also determine potential therapeutic
applications for FRHDM-1 in diseases where immune modulation would be a beneficial

outcome.
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CHAPTER 2 GENERAL MATERIALS & METHODS

Table 2. 1 General materials and reagents.

Product Supplier
Glycine
Phosphate buffered saline (PBS) )

. AMRESCO (Ohio, USA)
Tris
Triton X100 (TX100)

Sodium chloride (saline)

Water for irrigation

Baxter Healthcare (Illinois, USA)

ELISA cytokine detection kits

BD Biosciences (North Ryde, Australia)

Mouse M-CSF

eBiosciences (California, USA)

Penicillin/Streptomycin

RPMI 1640

TrypLe™ Express

Ficoll PaqueTM Plus GE Health Care (Uppsala, Sweden)
DMEM

Heat inactivated FBS

HEPES

IMDM Life technologies-GIBCO®

(California, USA)

Auto MACS running buffer

MACS Whole blood CD14+ Micro
Beads human

Miltenyi Biotec
(Bergisch Gladbach, Germany)

Tissue culture plastic ware

Nunc Thermo Scientific (Roskilde,
Denmark) & BD Biosciences (Falcon)

2-Mercaptoethanol

Bovine serum albumin (BSA)

Dimethyl sulfoxide (DMSO)

Lipopolysaccharides (Escherichia coli)

Paraformaldehyde

Sodium azide (Az)

Sodium bicarbonate (NaHCO3)

Sodium carbonate (Na>CO3)

Tween 20

SIGMA-ALDRICH (Missouri, USA)
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2.1. Production of RecFhHDM-1, sFhHDM-1 and anti-FhHDM-1
antibody

Endotoxin-free recombinant FhHDM-1 (RecFhHDM-1) was prepared by
expressing the native full-length peptide (lacking the N-terminal signal peptide and with
the addition of a C-terminal Hise-tag) in Escherichia coli, as previously described!!”.
The resultant recombinant peptide (9.2 kDa) was then purified and desalted using the
Profinia protein purification system (BioRad, California, USA), and endotoxin was

removed by RP-HPLC'?>.

While these studies were in progress, a synthetic derivative analogue of
FhHDM-1 (sFhHDM-1) became available, which was synthesised by GL Biochem
(Shanghai, China). This synthetic equivalent of RecFhHDM-1 was identical to its
recombinant counterpart in amino acid sequence, with the exception of a methionine
that was absent in the N-terminal region, and the lack of the Hiss-tag in the C-terminal.
Due to these differences, sSFhHDM-1 was slightly smaller (7.8 kDa) as compared to
RecFhHDM-1.

A rabbit anti full-length RecFhHDM-1 polyclonal antibody was produced by
Auspep (Victoria, Australia) and was used for detection of FRHDM-1, in both synthetic

and recombinant forms.

For cellular analysis, an Alexa 488 conjugate of sFhHDM-1 was prepared. The
Alexa 488 amine reactive probe (Life Technologies), supplied as 1mg lyophilised
sample, was resuspended in 100uL DMSO to yield a 10mg/mL working solution.
According to the manufacturer’s instructions, the peptide solution was required to have
a 10-fold molar excess of dye; therefore to 1428.75uL of FhHDM-1 (1mg/mL in water
for irrigation; Baxter Healthcare) a 1/10 dilution of 1M sodium bicarbonate was added
to reach pH 8 and to this solution, 100uL of dye was added slowly with simultaneous
vortexing. This mixture was incubated overnight (O/N) on a spinning wheel at room
temperature (RT) and protected from light, to allow conjugation to proceed. The
labelled FhRHDM-1 was transferred into two eppendorf tubes, which were capped with
dialysis tubing (3500MW cut-off) and the solution was dialysed against saline for 24h at

4°C on a magnetic stirrer, with solvent changes occurring at 3h, 6h, and O/N.
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2.2.  Cell culture

2.2.1. STERILITY

All cell culture and primary macrophage isolation procedures were performed in
a class II biological safety hood. Media and plasticware were sterile and aseptic

technique was applied in all instances.
2.2.2. CELL LINES

2.2.2.1. RAW264.7 MACROPHAGES

Murine RAW264.7 macrophages (obtained from the American Type Culture
Collection [ATCC], Virginia, USA) used in experiments were of low passage number
(between 19 and 22) and were maintained in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% v/v heat inactivated (HI) foetal bovine serum
(FBS). Cells were cultured at 37°C/5% CO;. Microscopy was utilised to determine
confluency and when this reached 80-90% (which occurred approximately every 3
days), cell monolayers were washed twice with cold sterile PBS, scraped into fresh
medium/FBS and split 1 in 8. Sufficient medium was added to maintain a total volume

of 20mL per 175cm? tissue culture flask.

2.2.2.2. ASC MACROPHAGES

ASC macrophages (immortalised macrophages stably transfected with a
construct overexpressing cerulean-tagged murine apoptosis associated speck like protein
[ASC] and NLRP3-Flag) were kindly donated by Dr V. Hornung (University of Bonn,
Germany). Cells of a low passage number were used for experiments and were
maintained in DMEM supplemented with 10%v/v HI FBS and 20mM HEPES buffer.
Cells were cultured at 37°C/5% CO>. When cell monolayers reached 80% confluency,
they were washed twice with cold sterile PBS, SmL of TrypLe™ Express was added,
and cells were incubated for 5min at 37°C/5% COx> to allow detachment. Flasks were
tapped to achieve complete cell detachment, and 20mL of media was added to stop
trypsin activity. Cells were split 1 in 5 and sufficient medium was added to maintain a

total volume of 20mL per 175cm? tissue culture flask.
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2.2.3. PRIMARY CELLS

2.2.3.1. MURINE BONE MARROW-DERIVED MACROPHAGES (BMDMS)

2.2.3.1.1. Isolation of bone marrow cells

BALB/c or C57BL6 mice (6-8 weeks old; Animal Resources Centre [ARC], Perth,
Australia) were sacrificed by CO asphyxiation and sprayed with 70% ethanol. Femurs
and tibias were dissected and the bone marrow was flushed with media (RPMI 1640
medium supplemented with L-Glutamine, 10%v/v HI FBS and 50uM 2-
mercaptoethanol) into a petri dish using a 21-gauge syringe. Single cell suspensions
were obtained by aspirating the Petri dish contents using a 19-gauge syringe and cells
were transferred to a S0mL falcon tube. Cells were collected by centrifugation (400g, 5
min). All animal procedures were performed in accordance with approvals from the
UTS Animal Care and Ethic Committee (ACEC; ARA numbers 2012-080A and 2013-
075 for BALB/c and C57BL/6 mice, respectively).

2.2.3.1.2. Differentiation of Bone Marrow-Derived Macrophages

Cells were counted, resuspended, and plated at a concentration of 2x107/10mL in
media (RPMI 1640 medium supplemented with L-Glutamine, 10%v/v HI FBS, 50uM
2-mercaptoethanol, 50ng/mL  macrophage-colony stimulation factor [M-CSF;
eBiosciences]). Cells were incubated at 37°C/5% CO.. On the third day, 10mL of fresh
medium, supplemented with 50ng/mL M-CSF, was added to each dish. BMDMs were
harvested on the sixth day by decanting media, washing twice with PBS (RT), and
scraping cells into fresh medium. Routinely, the cell populations were >95% CDI11b",
as determined by labelling with CD11b MicroBeads (Miltenyi Biotec) and flow
cytometry analysis using PE Cy7-anti-mouse CD11b clone M1/70 antibody (BD
Pharmingen, North Ryde, Australia; Section 2.4).

2.2.3.2. HUMAN MONOCYTE ISOLATION AND MACROPHAGE DIFFERENTIATION

Under aseptic conditions, 25mL of buffy coat blood (Red Cross, Sydney,
Australia) was transferred to two 50mL falcon tubes and diluted 1 in 2 with RPMI 1640.
Ficoll (15mL) was added to three 50mL falcon tubes. Using a serological pipette, 35mL
of the diluted blood was slowly transferred into each of the tubes containing Ficoll,
ensuring that two distinct layers were retained. Tubes were centrifuged (400g for 30
min, RT), ensuring that the acceleration and de-acceleration were sufficiently slow to
avoid mixing of the layers. After centrifugation, the samples separated into the

32



following layers: serum (top layer), white blood cells, Ficoll and red blood cells (bottom
layer). The white blood cells from each of the three tubes were transferred into a new
50mL falcon tube using a plastic pasteur pipette, ensuring the surrounding Ficoll and
serum layers were not collected. White blood cells were washed three times with RPMI
1640 and collected after each wash by centrifugation (400g, 7 min, RT). Then, 25mL of
autoMACS running buffer (supplemented with 1%v/v FBS) was added and a cell count
was performed using a Neubauer counting chamber. Cells were centrifuged once more
(400g, 7 min, RT), and the pellet was resuspended in running buffer (80uL per 10’
cells). CD14+ MicroBeads (Miltenyi Biotec) were also added (20uL per 107 cells) and
the cells were incubated for 15 min/4°C, washed with running buffer (1-2mL per 10’
cells), and collected by centrifugation (400g, 7 min, RT). The pellet was resuspended in
running buffer (500uL per 108 cells).

Magnetic separation was performed using an AutoMACS pro-separator unit
(Miltenyi Biotec), according to the manufacturer’s instructions. The separated cells
(monocytes) were counted, centrifuged (400g, 7 min, RT) and resuspended in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with 2% v/v human serum (to a
concentration of 1x10° cells/mL) and seeded into plates or flasks, according to
experimental requirements. Cells were incubated at 37°C/5% CO; for 6 days to allow

differentiation of monocytes into macrophages.

2.3.  Immunofluorescence Confocal Microscopy

Macrophages were seeded in 35mm Fluorodish cell culture dishes (World
Precision Instruments, Florida, USA) at a density of 10° cells in RPMI medium,
supplemented with 10% v/v FBS and 2% v/v penicillin/streptomycin, and allowed to
adhere for at least 1h (37°C/5% CO.). Samples were treated according to the specific
experimental protocols (which involved incubation with 10pg/mL RecFhHDM-1, at
37°C/5% CO> for 45min, unless otherwise specified). Then cells were washed and fixed
with 4%w/v paraformaldehyde for 30min/RT. When internal staining was required,
cells were permeabilised using 0.1% v/v Triton X 100, followed by quenching of excess
aldehyde with 100mM glycine. This was followed by blocking with 2%v/v FBS and
0.1%v/v Tween20 O/N. Samples were incubated with appropriate primary antibodies,
diluted in blocking solution, for 1-2h at RT. Cells were then washed and incubated with
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appropriate Alexa Fluor 568 or Alexa Fluor 488 conjugated secondary antibodies,
diluted 1:1000 in blocking solution for lh at RT. Cells were also stained for
actin/plasma membrane detection using 1:60 Phalloidin Alexa Fluor 647, and 3% DAPI
was used to identify nuclei. Details of the antibodies and dyes used for microscopy
studies appear in Table 2.2. Samples were mounted in antifade n-propyl gallate (NPG)
antifade mounting solution (Section 2.3.1), and then viewed using a Nikon A1 confocal
scanning laser microscope (Nikon, New York, USA), which was set up using unstained
and control samples to stablish threshold fluorescence detection levels. Presented
images, analysed using NIS Elements software (Nikon), correspond to optical sections

through the centre of macrophage cells.

Table 2.2 List of antibodies and dyes used for confocal microscopy experiments.

Antibody (Ab) or Dye Concentration Supplier
Polyclonal rabbit anti-RecFhHDM-1 1:1000 Auspep
antibody ' (Victoria, Australia)
Monoclonal mouse anti-caveolin-1 [7C8] 1:500
antibody '

- — - Abcam
Polyclonal rabbit anti-giantin (Golgi :

) 1:500 (Cambridge,
apparatus marker) antibody England)
Polyclonal rabbit anti-Rab5 (Early 8

) 1:1500
endosome marker) antibody
Monoclonal mouse anti-tubulin antibody 1:100 Life Technologies
4',6-Diamidino-2-Phenylindole, 3% (V/v)

Dihydrochloride (DAPI)
Alexa Fluor 647 phalloidin 1:60

Goat anti-mouse and goat anti-rabbit Alexa 1:1000
Fluor 568 highly cross-adsorbed antibodies ' Molecular Probes®

Goat anti-mouse and goat anti-rabbit Alexa

1:1000 Life Technologies
Fluor 488 highly cross-adsorbed antibodies

(California, USA)
LysoTracker Red DND-99 60nM

MitoTracker Red FM 50nM

Recombinant Cholera Toxin Subunit B

. 4ug/mL
conjugated to Alexa Fluor 594 Hem
ﬁ;r;(;(zilonal anti penta-his tag BSA free 1:2000 (Sﬁﬁiﬁg’
Y Netherlands)
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2.3.1. NPG ANTIFADE MOUNTING MEDIA PREPARATION

In a 50mL falcon tube, SmL of 0.2M TRIS (pH 8.5), 43mL of glycerol and 2.5¢g
of n-propyl gallate (Sigma) were added. The tube was wrapped in foil to protect it from
light and spun on a spinning wheel O/N at 4°C to allow contents to dissolve. The

resultant NPG solution was stored at 4°C until use.

2.4. Flow Cytometry

Samples used for flow cytometric studies contained 0.5-1x10° cells per
Eppendorf tube (as described in Sections 2.2.3.1.2 and 4.2). For all experiments, an
unstained or isotype control, as well as single colour controls for each dye, were
included. Samples were kept at 4°C at all times (unless otherwise specified). Cells were
collected by centrifugation (400g, Smin) and washed twice with FACS buffer (PBS, 1%
BSA, 2% FBS, and 0.05% Az). Then, each sample to be stained was resuspended in
20uL of this buffer with 1uL of Fc block, and incubated for 5min at RT. After this,
samples were supplemented with 50uL FACS buffer and 1uL of the corresponding
antibody, and incubated for 20min/4°C protected from light. Cells were then washed
twice with 700uL FACS buffer, resuspended in 500pL FACS buffer, and transferred to
flow cytometry tubes. To assess cell viability, 1uM SYTOX blue dead cell stain
(Molecular Probes) was added per sample immediately before flow cytometric analyses

using the BD LSR II Flow Cytometer System (BD Biosciences).

2.5. ELISAs

Levels of various secreted cytokines were detected in cell culture supernatants
using appropriate ELISA kits, following the manufacturer’s instructions. Briefly, 96
well plates were coated O/N with primary antibody diluted in coating buffer (0.84g
NaHCOs and 0.356g NaxCOs). Then, plates were washed three times with 0.1% Tween
20/PBS and blocked with assay diluent (PBS, 10% FBS at pH7) for 1h/RT. This was
followed by three washes, prior to the addition of standards and samples (which were
incubated for 2h/RT). Plates were washed five times and incubated with working
detector (detector antibody plus 1 in 250 of Sav-HRP reagent diluted in assay diluent,
1h/RT; except for TNF and IL-1P assays where detector antibody and Sav-HRP reagent
were added in independent incubations). Plates were washed seven times and
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Tetramethylbenzidine (TMB) Liquid Substrate System (Sigma) was added until colour
developed, the reaction was stopped with 2 N H>SO4 (Sigma). Absorbances were read at
450nm with a 570nm correction, using the Tecan ‘Infinite® M200 Pro’ Quad-
monochromator multifunction plate reader (Tecan, Mannedorf, Switzerland). Obtained
optical density values were analysed using GraphPad Prism software (GraphPad

Software Inc., California, USA).

2.6. Statistical Analysis

The arithmetic mean readings of triplicate samples +/- the standard errors of the
means (SEMs) were utilized to construct graphical representations of experimental data
presented in this thesis. Statistically significant differences amongst sample treatments
were determined using the GraphPad Prism software version 6 and applying the most
appropriate statistical test(s) according to the characteristics of each experiment
(described in specific methods sections of each chapter and/or corresponding figure
legends). In general, when only two groups of repeated measures were being compared,
student t-tests were applied, and a p<0.05 was considered significant. When three or
more groups of repeated measures were compared, initially an ordinary one-way
ANOVA test was applied to validate the presence of a significant difference(s) amongst
the sample groups being analysed. This was followed by a Dunnett’s post-test, to further
assess the significance of the effects that a given treatment had on the mean of a sample

group when compared to the mean of the experimental control group.
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CHAPTER 3 CHARACTERISATION OF THE INTERACTION

BETWEEN FHHDM-1 AND MACROPHAGES
3.1. Introduction

In addition to their bactericidal activity, mammalian cathelicidins play important
modulatory roles in innate immunity, in certain instances resulting in the inhibition of
pro-inflammatory responses directed by both macrophages and DCs!?> 134 136, 144-147 "1y
order to exert their immune-modulatory activity, cathelicidins must first be
internalised'*®. Although the mechanism(s) by which this occurs is yet to be fully
elucidated, studies suggest that this process is mediated by the binding of these peptides
to putative surface receptors'® and/or via atypical endocytic pathways!* %0, followed

by interaction with intracellular receptors (for example GAPDH in case of LL-37'%%).

The observed binding preference of FnHDM-1 to macrophages (Lund, M. and
McCauley-Winter, P. unpublished data), the electrostatic interaction/localization of the
peptide with non-protein components of the plasma membranes of these cells, in
addition to the structural homology between this peptide and the human cathelicidin,
LL-37, makes it plausible that analogous to LL-37, FhHDM-1 requires internalisation
by macrophages to be able to putatively modulate the intracellular signalling pathways

of these cells!'* 142,

Further, it has been reported that FhHDM-1 binds to phospholipid membranes
modelled in vitro, in a manner dependent upon the amphipathicity of the alpha-helical
structure, as demonstrated by the use of a mutated version of the peptide, in which the
hydrophobic phase had been abolished!!*. The amphipathic alpha-helical structure
shared by FnHDM-1 and cathelicidins, is also typical of a class of molecules known as

‘carrier peptides’!3! 152,

The amphipathic helix enables carrier peptides to anchor to
cellular membranes via rearrangement of their hydrophobic amino acid side chains,
towards the outer membrane face. This facilitates their interaction with membrane
lipids, whilst simultaneously isolating their hydrophilic side chains towards the

153 After this anchoring to the plasma membrane of the target

peptide’s core regions
takes place, subsequent internalisation of carrier peptides (containing the cargo that they

transport), occurs via endocytosis'*> >4, Therefore, their structural homology suggests
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that, in a similar way to carrier peptides, the amphipathic alpha-helical region of

FhHDM-1 could potentially lead to the internalization of this peptide by macrophages.

Understanding the processes of initial cellular interaction, subsequent
internalisation, and ultimate intracellular localisation of FhHDM-1 will be critical to
determining the mechanisms by which FhHDM-1 may putatively modulate the function
of macrophages. More broadly, this information may also enhance our understanding of
the mechanisms of action of mammalian cathelicidins, which are structurally

homologous to FhRHDM-1.
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3.2.  Specific methods

3.2.1. CHOLESTEROL BINDING ASSAY

As previously described by Hutchinson et al.!>®) a PolySorp 96 well ELISA
plate (Nunc Thermo Scientific) was coated with 10pg cholesterol (100pL of 100pg/mL
stock prepared using 70% ethanol; Avanti Polar Lipids, Alabama, USA), or an
equivalent volume of 1% w/v BSA in PBS as a control for binding specificity. After
drying O/N under N> gas, wells were blocked with 100uL of 1% w/v BSA/PBS for 1h at
37°C, and then washed three times using 200uL of 0.1% w/v BSA/PBS. Doubling
dilutions of FKRHDM-1 in 0.1% w/v BSA/PBS (ranging from 0-20pg/mL) were prepared
and aliquots (100uL) were added to wells previously coated with cholesterol or BSA, in
triplicate, and incubated for 2h at 37°C. The plate was washed, 100uL of rabbit anti-
FhHDM-1 polyclonal antibody (1:1000 in 0.1% w/v BSA/PBS) was added to the wells,
and the plate was incubated for 75min at 37°C. The plate was then washed and
incubated with 100uL of anti-rabbit alkaline phosphatase conjugated antibody (Sigma),
diluted 1:10000 in 0.1% w/v BSA/PBS, for 45min at 37°C. The plate was washed and
200uL of pNPP substrate (Sigma) was added and absorbances were read after 1h at
405nm in a Tecan ‘Infinite® M200 Pro’ Quad-monochromator multifunction plate
reader. The obtained data was represented in graphical format using arithmetic mean
optical density readings +/- the standard errors of the means (SEMs). In order to detect a
statistically significant pattern in change in variance between the corresponding binding
curves of FhnHDM-1 to cholesterol or to control BSA, a Linear Mixed Model with a
Residual Maximum Likelihood algorithm (RELM) was applied, and a p<0.05 was

considered significant.
3.2.2. IMMUNOFLUORESCENT CONFOCAL MICROSCOPY

3.2.2.1. CO-LOCALISATION OF FHHDM-1 WITH LIPID RAFTS

RAW264.7 macrophages (10° cells) were untreated (for cholera toxin binding
controls) or incubated with RecFhHDM-1 (10pg/mL) in media at 37°C/5% CO; for
45min. Lipid rafts were stained using cholera toxin subunit B Alexa 594 conjugate,
which binds to glycosphingolipids, at a concentration of 4pg/mL for 20min at 4°C.
Cells were then fixed and stained with anti-penta-his tag monoclonal antibody (1:2000),
anti-mouse Alexa 488-conjugated secondary antibody (1:1000), and 3% DAPI was used
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for identification of nuclei. Staining of the untreated control with the primary and
secondary antibodies was used to assess their specificity towards the identification of
the His-tag of RecFhHDM-1. Images were analysed using a 100x objective in the Nikon
Al confocal microscope (Nikon, New York, USA) and NIS software (Nikon). This
experiment was also performed using primary human macrophages. The only
experimental parameters differing in this instance were that the incubation with
RecFhHDM-1 was for 2h (as opposed to 45min) and images were analysed using a
Delta Vision OMX 3D-structured illumination microscope, version 3 (OMX 3DSIM;
Applied Precision Inc., Washington, USA). Images were reconstructed using IMARIS
version 7 software (Bitplane Scientific, Zurich, Switzerland). Table 2.2 provides further

information regarding the antibodies and dyes used in these experiments.

3.2.2.2. INHIBITOR STUDIES

RAW264.7 macrophages (10° cells) were treated with the following inhibitors at
37°C/5% COz: cytochalasin D (2pg/mL, 30min) (Sigma) to block polymerisation of
actin filaments; nocodazole (2pg/mL, 30min) (Sigma) to inhibit microtubule
polymerisation; or methyl-B-cyclodextrin-MCD (1mM, 30min) (Sigma) to deplete
cholesterol'*® 3%, The samples were then treated with 10pug/mL RecFhHDM-1 (without
inhibitor removal) and incubated for a further 45min at 37°C/5% CO». Uptake controls
were included in the absence of inhibitors by incubating cells with FRHDM-1 at 4°C or
37°C. Samples were then prepared for confocal microscopy (as described in Section
2.3) and analysed using a 100x objective in the Nikon A1 confocal microscope and NIS
software. RecFhHDM-1 identification was achieved using a 1:1000 dilution of anti-
RecFhHDM-1 polyclonal antibody and microtubules were detected using anti-tubulin
antibody diluted 1:100. Macrophages from a vehicle (PBS) only control were also
stained to assess antibody specificity for RecFhHDM-1 His tag detection. Table 2.2
provides further information regarding the antibodies and dyes used in these

experiments.

3.2.2.3. CO-LOCALISATION OF FHHDM-1 WITH ORGANELLE MARKERS

3.2.2.3.1. Localisation of FhRHDM-1 with caveolae, Golgi and mitochondria
RAW264.7 macrophages (7x10° cells) were left untreated (for organelle staining
controls) or incubated with RecFhHDM-1 (for localisation with caveolae) or sshHDM-

1 conjugated with Alexa 488 (for localisation with Golgi and mitochondria) at a
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concentration of 10pg/mL, 37°C/5% CO; for 45min. For mitochondrial staining,
simultaneous incubation with 50nM MitoTracker 568 in media was performed!*. Cells
were then prepared for microscopy, as outlined in Section 2.3 and analysed using a
100x objective in the Nikon Al confocal microscope and NIS software. The primary
antibodies used were as follows: anti-RecFhHDM-1 polyclonal antibody (1:1000), anti-
caveolin-1 monoclonal antibody (1:500) for caveolae detection, and anti-giantin
polyclonal antibody (1:500) for Golgi detection. Omission of primary antibody controls
were included for these experiments and in case of FhHDM-1 antibody detection,
untreated controls were also stained with anti-RecFhHDM-1 and anti-rabbit Alexa 488
antibodies, to ascertain their specificity. Table 2.2 provides further information
regarding the antibodies and dyes used in these experiments. As stated in Section 2.1
sFhHDM-1 started being synthesised while the current study was in progress.
Therefore, from this point onwards, this synthetic version of the peptide was included in
experiments to enable comparisons with RecFhHDM-1, and once its functional
homology was well stablished, sSFhHDM-1 was preferentially used due to its higher
degree of purity and availability.

3.2.2.3.2. Temporal localisation of FRHDM-1 with early endosomes

RAW264.7 macrophages (7x10° cells) were incubated with sFhHDM-I1
conjugated with Alexa 488 (10ug/mL) for a period of 5, 15, 30 and 45 min, at 37°C/5%
CO», fixed, and prepared for microscopy, as detailed in Section 2.3, followed by
analysis using a 100x objective in the Nikon A1 confocal microscope and NIS software.
Anti-Rab5 polyclonal antibody (1:1500) was used for the detection of early endosomes.
Treatment with vehicle only and the omission of this primary antibody provided
negative and antibody specificity controls, respectively. Furthermore, an untreated
control was also stained for detection of resting endosomes. Table 2.2 provides further

information regarding the antibodies and dyes used in these experiments.

3.2.2.3.3. Temporal localisation of FRHDM-1 with late endosomes/lysosomes
RAW264.7 macrophages (7x10° cells) were incubated with 60nM of
LysoTracker 568 for 1h at 37°C/5% CO.. Cells were then incubated with sFhHDM-1-
Alexa 488 conjugate (10pg/mL) in media for a period of 15, 30 or 45min (37°C/5%
CO»), fixed, and prepared for microscopy (Section 2.3), followed by analysis using a
100x objective in the Nikon Al confocal microscope and NIS software. Table 2.2
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provides further information regarding the antibodies and dyes used in these

experiments.

For quantitation purposes, the experiment was repeated by incubating BALB/c
BMDMs (Section 2.2.3.1) with sFhHDM-1-Alexa 488 conjugate (10pg/mL) or E. coli
(K-12 strain) BioParticles-Alexa Fluor 488 conjugated (as positive control; 12pg/mL)
(Molecular Probes) for 30min only, followed by three washes with PBS (RT). These
samples, as well as an untreated control sample, were stained with 60nM of Lysotracker
for 30 min, at 37°C/5% CO: and washed twice. Then ImL of phenol-free RPMI media
supplemented with 10% v/v FBS was added to each cell culture dish. Sample treatments
and staining were staggered so that immediate live cell imaging on the Nikon Al
confocal microscope could be performed. An average of 150 cells were imaged per
sample treatment. Co-localisation was performed visually by the presence of
intracellular yellow/orange fluorescence. Arithmetic mean values for percentage of cells
presenting Lysotracker, sFhHDM-1-Alexa 488 or E. coli-Alexa 488 fluorescence,

detected per field of view, +/- SEMs were used for graphical representation of data.
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3.3. Results

3.3.1. FHHDM-1 BINDS TO CHOLESTEROL AND INTERACTS WITH LIPID RAFTS

It has been reported that RecFhHDM-1 co-localised with the plasma membrane
of macrophages, most likely via interaction with non-protein components!!® 142,
Cholesterol is an abundant lipid present in cellular plasma membranes'>’ and FhHDM-1
contains the cholesterol binding motif, L/V-[X]1-5-Y-[X]1-5-R/K, spanning residues
V45TKAYEKARS3!'!4, Therefore, a cholesterol-binding assay was performed to
determine if sSFhHDM-1 was capable of associating directly with this lipid. An ELISA
plate coated with a cholesterol monolayer was utilised to detect the binding of serially
diluted sFhHDM-1. Threshold binding levels, attributable to non-specific binding of
sFhHDM-1 to BSA, were established (Figure 3.1 A). The binding of sFhHDM-1 to
cholesterol was found to be both specific and concentration dependent, until saturation
was reached at a sFhHDM-1 concentration of 5pg/mL. Furthermore, RELM statistical
analysis indicated that the difference between the obtained binding curves (sFhHDM-1

to cholesterol versus sSFhHDM-1 to BSA) was statistically significant (p= 0.021).

Lipid rafts constitute micro domains in the plasma membrane, which are rich in
cholesterol and glycosphingolipids'*®. Given the capacity of sFhHDM-1 to bind
cholesterol, confocal microscopy was employed to determine if FhRHDM-1 interacted
directly with lipid rafts within the plasma membrane of RAW 264.7 macrophages. Cells
were incubated with RecFhHDM-1 for 2h and an antibody, specific for the His-tag in
the C-terminal of RecFhHDM-1, was utilised for its visualisation. Cholera toxin-
Alexa594, which binds specifically to the glycosphingolipid ganglioside, GM-1'%, was
used for lipid raft identification. RecFhHDM-1 was found to co-localise with cholera
toxin, indicating that binding was occurring in the subregion of lipid rafts within the
macrophage membrane (Figure 3.1 D). Furthermore, analyses by super resolution OMX
microscopy revealed that the co-localisation between RecFhHDM-1 and lipid rafts also
occurred when RecFhHDM-1 was incubated with primary human macrophages (Figure
3.1 F), thereby confirming the interpretation of confocal microscopy studies (Video 3.1,
supplementary data), and corroborating the localisation pattern observed for murine

macrophages.
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Figure 3.1 FhHDM-1 binds to cholesterol and co-localises with lipid rafts in the
plasma membranes of macrophages. A. Triplicate cholesterol or BSA coated wells of
an ELISA plate were incubated with two fold dilutions (from 0 to 20ug/mL) of
sFhHDM-1. Binding was detected using anti-RecFhHDM-1 and alkaline phosphatase
conjugated antibodies. Graphical representation of optical densities (OD) means +/-
SEM (statistically analysed using RELM) are provided. B. Representative single plane
(C-E) or 3D collapsed (F) immunofluorescent images, obtained by confocal or OMX
super resolution microscopy, respectively, of murine RAW264.7 (C & D) and primary
human (E & F) macrophages. Macrophages were incubated with RecFhHDM-1 (D &
F), which was identified by His tag detection, using an Alexa 488 (green) conjugated
antibody (D & F; yellow fluorescence in top panels corresponds to co-localisation).
Untreated samples (C & E) were also fully stained and acted as controls for antibody
specificity. Cells were stained with cholera toxin subunit B (red) and DAPI (blue) to
identify lipid rafts and nuclei, respectively. (Scale bars: C-E: Sum; F: 3um). The

presented data is representative of two individual experiments for each, A & B.
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3.3.2. FHHDM-1 1S ACTIVELY ENDOCYTOSED BY A CYTOSKELETAL-DEPENDENT

MECHANISM

To determine whether FhHDM-1 was subsequently internalised after its
interaction with plasma membranes, murine macrophages were incubated with
RecFhHDM-1. Localisation of RecFhHDM-1 (using an antibody raised against full-
length RecFhHDM-1'1%) revealed that within 45min RecFhHDM-1 localised to the
cytoplasmic region of macrophages, resulting in a granular pattern of intense
fluorescence (Figure 3.2). The intracellular distribution of RecFhHDM-1 was closely
associated with both actin and microtubules, suggesting that these cytoskeletal networks

were involved in RecFhHDM-1 transportation within the cytoplasmic region.

To determine if the observed uptake of FhRHDM-1 was an active or a passive
process, macrophages were incubated with RecFhHDM-1 at 37°C or 4°C, respectively
(Figure 3.3 B & C). Immunofluorescence staining using anti-RecFhHDM-1 antibody
indicated that at 37°C FhHDM-1 was localised to the cytoplasmic region, where it
formed aggregates of bright fluorescence, which were not observed at 4°C. When
localisation studies were performed at this lower temperature, most of the fluorescence
was detected in close proximity with the plasma membrane, which was visualised by
phalloidin staining, confirming specific binding without internalisation. Taken together,
this data indicated that RecFhHDM-1 internalisation was attributable to an active

process.

Internalisation of extracellular molecules by macrophages typically occurs by
endocytosis, a mechanism by which internal membranes are formed using plasma
membrane constituents, resulting in the uptake of extracellular contents within regions
of the phospholipid bilayer'®’. Endocytic pathways are classified as being either
clathrin-dependent or clathrin-independent (also known as alternative endocytosis).
While the former pathway has been well studied, many aspects of the latter are yet to be
elucidated. The alternative endocytic pathways can be further sub-classified to include
caveolae-dependent endocytosis, the clathrin-independent non-caveolar (CLIC)
pathway, phagocytosis, and macropinocytosis amongst others'®’. Phagocytosis is the
most common pathway by which macrophages effectively internalise larger molecules,
such as pathogens and apoptotic bodies!®* 16!, However, clathrin-dependent endocytosis

accounts for the internalisation of a significant proportion of smaller molecules'®.
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Figure 3.2 FhHDM-1 is internalised by macrophages and localises in close
proximity to cytoskeletal networks. Representative immunofluorescence images
obtained by confocal microscopy of murine RAW264.7 macrophages that were
incubated with RecFhHDM-1 (for 45min at 37°C), which was identified using anti-
RecFhHDM-1 and Alexa 488 primary and secondary antibodies, respectively (green
fluorescence). Cells were stained with anti-tubilin and Alexa 568 antibodies (red
fluorescence) for microtubule detection, and with phalloidin (violet) and DAPI (blue)
for actin network and nuclear identification, respectively (100X objective; Scale bar:

Sum).
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Given the relatively small molecular size of FnHDM-1 (~8 kDa)'!* and its
cytoplasmic distribution observed in the current study, it was proposed that the uptake
of FhHDM-1 likely occurred via clathrin-dependent endocytosis. This premise was
corroborated by two observations: (i) the preferential binding of FhHDM-1 to
cholesterol, which is essential for the formation of clathrin coated pits and all currently
characterised endocytic pathways'®?, and, (ii) the localisation of FhnHDM-1 in close
proximity of both actin (which enables the movement of cargo containing clathrin

)162 and microtubule networks (which allows the motility of the endocytotic

coated pits
vesicles, early endosomes, for their rapid maturation into late endosomes and

lysosomes)!63.

Accordingly, the uptake and internalisation of RecFhHDM-1 was assessed in the
absence of cholesterol. Cholesterol depletion was achieved by incubating macrophages
with the glucose oligomer, methyl-B-cyclodextrin (MCD), which gently removes
cholesterol by sequestering the lipid within its hydrophobic core, thereby increasing the
solubility of the resultant cholesterol complexes'®*. This inhibitor was selected because
alternative cholesterol depleting agents, such as nystatin, were found to be too potent,
resulting in membrane damage and cell death. In contrast, the morphology of
macrophages observed after MCD treatment indicated that negligible cell damage was
induced. Incubation of macrophages with MCD, prior to incubation with RecFhHDM-1,
did not prevent the localisation of FhHDM-1 within areas of the plasma membrane
(Figure 3.3 D). However, this treatment did inhibit the internalisation of RecFhHDM-1

into cytoplasmic regions of macrophages.

The fungal toxin, cytochalasin D, inhibits actin polymerisation by binding to F-
actin filaments, thereby halting their extension and/or shortening them, which prevents

the cross-linking of individual filaments'®

. In the presence of cytochalasin D, an
abnormal distribution of actin was observed within macrophages, in which actin co-
localised with RecFhHDM-1 (Figure 3.3 E). A similar result was observed when
microtubules were depolymerised by pre-incubating macrophages with nocodazole,
which stimulated the contraction of microtubule networks, as observed by the use of an
anti-tubulin antibody. This resulted in RecFhHDM-1 being trapped between the plasma
membrane and the microtubule ring that was formed (Figure 3.3 F). Identical trends

were observed when these experiments were performed using sSFhHDM-1 conjugated to
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Alexa 488. These data suggest that FhnHDM-1 internalisation into the cytoplasmic
region of macrophages occurs as a result of an active, cholesterol-, actin- and
microtubule-dependent process. Furthermore, these data suggested that sSFhHDM-1 and
Rec-FhHDM-1 were analogous in function (just as they had been shown to be in
structure) because the recombinant and synthetic versions of the peptide exhibited

similar intracellular localisation patterns when incubated with macrophages.
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FhHDM-1 Merged

Cytoskeleton

Figure 3.3 Internalisation of FhHDM-1 by macrophages is an active process dependent upon cholesterol, as well as actin and
microtubule networks. Representative immunofluorescence images obtained by confocal microscopy of RAW264.7 macrophages that were
untreated (A) or incubated with RecFhHDM-1 for 45min at 37°C (B, D-F) or 4°C (C). Additionally, samples were incubated with the cholesterol
depleting agent, methyl-B-cyclodextrin (MCD) (D), or pre-incubated with the inhibitors cytochalasin D (E) or nocodazole (F), which block actin
polymerisation and induce microtubule depolymerisation, respectively. Cells were stained with anti-RecFhHDM-1 (A; antibody specificity
control & B-F) and anti-tubulin antibodies (A & F) that were detected with Alexa 488 (green) and 568 (red) conjugated antibodies, respectively.
Actin networks and nuclei were identified using phalloidin (violet) and DAPI (blue) staining, correspondingly (100X objective; Scale bar: Sum).

Provided images represent cells in triplicate fields of view collected for each sample and the experiment was performed twice.
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3.3.3. ENDOCYTOSIS OF FHHDM-1 INVOLVES EARLY ENDOSOMAL AND LYSOSOMAL

CO-LOCALISATION

Multiple endocytic pathways, including caveolae-dependent and clathrin-
mediated mechanisms, are dependent upon both cholesterol and actin networks!6% 164,
Therefore, the current study determined if lipid rafts mediated the endocytosis of
FhHDM-1. This premise was supported by observations that RecFhHDM-1 co-localised
with this membrane domain (Figure 3.1 B). Lipid rafts can exist as flat or invaginated
regions on the plasma membrane. The latter are known as caveolae and the structural
difference has been attributed to the presence of the cholesterol receptor, caveolin-1
(cav-1)'*8, Caveolae play roles in signal transduction as well as clathrin-independent
endocytosis'>’. However, co-localisation of RecFhHDM-1 and caveolin-1 containing
regions was not observed in macrophages that had internalised RecFhHDM-1 (Figure

3.4). This finding suggested that caveolae-dependent endocytosis was not the
mechanism by which RecFhHDM-1 was internalised.

Therefore, the alternative possibility that FhHDM-1 was internalised via
‘classical’ (clathrin-dependent) endocytosis was next explored. In this pathway,
molecules interact with the cell surface, where they associate with clathrin-coated pits.
These pits pinch off sections of the plasma membrane, which become clathrin-coated
vesicles that fuse with early endosomes!®. Intracellular localisation of fluorescently
labelled sFhHDM-1 was determined by staining macrophages with the early endosome
marker, Rab5, which is a small GTPase that is an essential component of the clathrin-
dependent endocytic pathway!®% 16168 = Co-localisation of sFhHDM-1 and Rab5
appeared as yellow foci of fluorescence, which were observed at all time points
examined (5-45min inclusively) (Figure 3.5). This data suggested that sSFhHDM-1 was
initially internalised into the macrophage cytoplasmic region via encapsulation within
early endosomes. It was also noted that at the later time points, notably at 45min, a
proportion of cytoplasmic sFhHDM-1 did not localise to areas identified as early
endosomes. These observations suggested the possibility that sSFhHDM-1 co-localised
with other cytoplasmic vesicular regions during the later stages of endocytosis (Figure

3.5F).
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Figure 3.4 FhHDM-1 endocytosis was not mediated by caveolae. Representative
immunofluorescence images obtained by confocal microscopy of RAW264.7
macrophages that were untreated (A & B), or incubated with RecFhHDM-1 for 45min
at 37°C (C), which was identified with anti-RecFhHDM-1 and Alexa 488 antibodies
(green). An untreated control (A) was also stained for RecFhHDM-1 detection to
evaluate the specificity of the antibody. Caveolae were detected by incubating cells
with anti-caveolin-1 and Alexa 568 conjugated antibodies (red). A sample stained for
caveolin-1 identification only (B), in the absence of FhHDM-1, was also included.
Nuclei and plasma membranes were identified by DAPI (blue) and phalloidin (violet)
staining, respectively (100X objective; Scale bar: S5um). Images represent cells from

triplicate fields of view collected for each sample.
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Figure 3.5 FhHDM-1 co-localised with early endosomes. Representative immunofluorescence images obtained by confocal microscopy of
RAW264.7 macrophages that were untreated (A & B), or incubated with sFhHDM-1-Alexa 488 (green) for 5 (C), 15 (D), 30 (E) and 45 (F) min,
and stained with anti-Rab5 (B-F) and Alexa 568 (A-F) antibodies to identify early endosomes (red) (B-F). Omission of primary antibody (A) and
detection of resting early endosomes (B) controls were also included. Co-localisation was observed as yellow fluorescence (C-F). Nucleus and
plasma membranes were identified by DAPI (blue) and phalloidin (violet) staining, respectively (100X objective; Scale bar: Sum). Images

represent cells from triplicate fields of view (collected per sample) and the experiment was performed twice.
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Early endosomes sort endocytosed cargos to their final destination for functional
purposes (such as nutrient delivery), recycling (of membrane lipids, for example), and
degradation or processing!® 7. The latter two events involve the maturation of
vesicles, a process in which early endosomes are transformed into late endosomes, and

163, 171

subsequently into lysosomes, by a series of fusion mechanisms . During this

maturation process, the intravesicular pH decreases!®% 17!

, and the increasing acidity
allows visualisation of mature vesicles using the acidotropic probe, LysoTracker, which
is a recognised endolysosomal marker. Therefore, macrophages were incubated with
sFhHDM-1, for varying periods of time, to determine if localisation of sFhHDM-1
occurred within late endosomes or lysosomes. Co-localisation of FhHDM-1 with
LysoTracker was prominent at 15min (Figure 3.6 B) when the intensity of staining with
LysoTracker was also optimal (i.e. of sufficient fluorescence intensity). At later time
points a proportion of the sSFhHDM-1 molecules were localised in the same regions as
the marker (Figure 3.6 C & D), however due to the decreased intensity of the

LysoTracker staining, areas of distinct co-localisation (observed as yellow fluorescence)

decreased in both intensity and abundance.

In order to improve the ability to detect acidic vesicles using LysoTracker, and
consequently establish the co-localisation of sFhHDM-1 and lysosomes, live cell
imaging was performed on primary murine (BALB/c) BMDMs that had been incubated
with sFhHDM-1 for 30 min. Cell viability was morphologically monitored using
transmission detection (Figure 3.7 A) and internalization of E.coli BioParticles utilized
as a positive control to confirm the ability of macrophages to endocytose extracellular
material. Under these live conditions, the immunofluorescence signal from LysoTracker
was significantly more intense (Figure 3.7 B), and this analysis confirmed that co-
localisation with sFhHDM-1 had occurred, as observed by the presence of
yellow/orange areas of fluorescence (Figure 3.7 A & C). Furthermore, quantitation
analysis of the generated images suggested that approximately 93% of macrophages had
internalised sFhHDM-1, and on average 88% had identifiable lysosomes. Additionally,
in virtually all of these cells co-localisation of FhHDM-1 and LysoTracker was
observed (Figure 3.7 E). These data suggested that FRHDM-1 indeed localised with

lysosomal components after uptake by macrophages.

53



FhHDM-1 Merged

Lysotracker

Figure 3.6 FhHDM-1 co-localised with endolysosomes of fixed RAW264.7
macrophages. Representative immunofluorescence images obtained by confocal
microscopy of RAW264.7 macrophages that were untreated (A), or incubated with
sFhHDM-1-Alexa 488 (green) for 15 (B), 30 (C) and 45min (D). Cells were also
incubated with the endolysosomal dye, LysoTracker (red). Yellow/orange fluorescence
corresponds to co-localisation of sFhHDM-1 and lysosomal components. Panel (A)
represents LysoTracker only/resting endolysosomes control sample (100X objective;
Scale bar: S5um). Provided images represent cells from triplicate fields of view per time

point. Results were confirmed by two subsequent experiments.

54



Lysotracker 5

|_|_|
Alexa 488 o
——
Co-localization HH
——
Double +ve
(No co-loc.)
0 20 40 60 80 100
Detected fluorescence in total cells Imaged (%)
B Lysotracker only control EFhHDM-1 + Lysotracker

OE. coli + Lysotracker

Figure 3.7 FhHDM-1 co-localised with endolysosomes of live BALBc BMDMs. Representative immunofluorescence images obtained by live
cell confocal microscopy of BALBc BMDMs incubated with sFhHDM-1-Alexa 488 (D) for 30 min. Cells were also incubated with the
endolysosomal dye, LysoTracker (red) (B). Co-localisation was observed as orange/yellow fluorescence (A & C) and cell morphology visualised
by transmission detection (grey) (A) to monitor cell viability throughout the imaging process (100X objective; Scale bar: Sum). An average of
150 cells per sample treatment were imaged for quantitative analysis (E) of LysoTracker detection and sFhHDM-1/E. coli uptake, as well as co-

localisation or the detection of both signals within different regions of a given cell, which was denoted as not being co-localized (No co-loc).
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To determine if sSFhHDM-1 was trafficked to other organelles in the cytoplasmic
region, additional confocal microscopy experiments were performed. Some endocytic
routes directly deliver their cargo to the Golgi apparatus, as is the case for the
internalisation of Cholera toxin subunit B (ChTx). This trafficking process is reportedly
mediated by caveolae-dependent endocytosis!®® 172, The lack of co-localisation of
sFhHDM-1 with caveolin-1, observed previously, did not necessarily eliminate the
possibility that FRHDM-1 may be delivered to the Golgi apparatus, since caveolae
depleted cells are capable of alternatively transporting ChTx in clathrin coated pits'’.
Furthermore, on occasions clathrin-mediated endocytosis can result in early endosomal
structures trafficking their cargo directly to the Golgi network, as occurs during the
internalisation of Shiga toxin'%" 173, However, despite the observation that FhHDM-1
co-localised with ChTx at the plasma membrane, internalisation of sFhHDM-1 by
macrophages did not result in its co-localisation with the Golgi apparatus, as determined
by staining using an anti-giantin antibody as a marker for Golgi (Figure 3.8 A-C).
Therefore, these data demonstrate that FnHDM-1 does not share the same route of

uptake as ChTx.

The presence of a-helices in certain protein and peptide segments can serve to
target molecules to receptors located in the mitochondrial outer membrane. This has
been reported for mitochondrial pre-sequences as well as for certain basic antimicrobial
peptide precursors, such the salivary human host defence peptide, histatin-5'"+ 175,
However, despite its a-helical structure, internalised sSFhHDM-1 did not co-localise with
the mitochondrial marker, MitoTracker (Figure 3.8 E). Collectively, these results
suggested that after internalisation by macrophages, sFhHDM-1 localised to early

endosomes and lysosomes, but not to the Golgi apparatus or mitochondria.
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Figure 3.8 FhHDM-1 did not co-localise with the Golgi apparatus or mitochondria in RAW264.7 macrophages. Representative

immunofluorescent images obtained by confocal microscopy of RAW264.7 macrophages that were untreated (B & D), or incubated with
sFhHDM-1-Alexa 488 (A, C & E) (green) for 45min at 37°C. Golgi networks (red) were identified with anti-giantin (B & C) and Alexa 568
conjugated antibodies (A-C), and mitochondria (also red) by MitoTracker staining (D & E). Sample (A) corresponds to the omission of primary
antibody (anti-giantin) control and (B & D) to untreated samples stained for Golgi and mitochondria detection only (100X objective; Scale bar:
Sum). Images represent cells from triplicate fields of view collected for each sample treatment.
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3.4. Discussion

Confocal microscopy enabled the identification of an initial interaction between
FhHDM-1 and lipid rafts within the plasma membrane of macrophages, which was
followed by the active internalisation of FhHDM-1. To date, multiple endocytic
mechanisms have been described and several of these share characteristics, such as
cholesterol and actin dependence, and the vesicular entrapment of cargo within early
endosomes and endolysosomes!®. In the current study, all of these common features
were found to play roles in the trafficking of FnHDM-1 within the cytoplasmic regions
of macrophages. Collectively, this data suggests that the mechanism by which FhHDM-

1 is internalised is likely mediated by classical (clathrin-mediated) endocytosis.

Endocytosis of LL-37-coated DNA plasmids is both time and temperature
dependent, and occurs by a cholesterol-sensitive, caveolae-independent mechanism with
co-localisation to lipid rafts and early endosomal compartments'>® 76, Furthermore, Lau
et al. revealed that the internalisation of the cathelicidin, LL-37, is microtubule-

dependent, but actin-independent!*.

The resemblance between the endocytic
mechanisms responsible for the internalisation of both LL-37 and FhHDM-1 are likely

attributable to their structural similarities.

Amphipathic helices possess structural characteristics that make them suitable
candidates for interaction with plasma membranes. The unfolded peptides containing
the helices preferentially accumulate near negatively charged membrane regions,
through electrostatic interactions. Then, via a hydrophobic effect, their hydrophobic
residues become inserted between lipid acyl-chains, and the hydrophilic residues of the
helix orient themselves towards the lipid polar heads'””. Occasionally, the interaction of
amphipathic helices with membranes induces membrane curvature, which is necessary
for vesicle formation, and the initiation of membrane trafficking events. For example,
the hydrophobic regions of the protein epsin, become inserted between lipids, thereby
separating them to induce membrane curvature towards the cytoplasmic region, and

subsequent formation of clathrin coated vesicles "> 178,

Several molecules that interact with lipid rafts become anchored/absorbed to
plasma membranes, via targeting of their transmembrane domains or membrane

proximal determinants. Such is the case for the membrane proximal amphipathic helix
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of the tyrosine kinase interacting protein (Tip) of Herpesvirus saimir (HVS), and the
lipid raft residing protein, o synuclein'”® '8 In case of Tip, it has been suggested that
the principal mechanism by which this binding occurs is via the hydrophobic residues
(especially isoleucine and leucine) on its membrane proximal helical motif, which
facilitate the targeting of this protein directly to lipid rafts'”®. Furthermore, when Tip
binds to lipid rafts in T cells, it stimulates the translocation of the endolysosomal
protein, p80, and the aggregation of TcR/CD3 complexes into this membrane region. It
has also been proposed that Tip induces membrane budding and its interaction with p80
induces internalisation of the lipid raft associated components, as well as the formation
and enlargement of lysosomes. The endocytosed contents are destined for degradation
within lysosomes, and the specific targeting to this organelle is dependent upon the

integrity of the amphipathic helical motif of Tip!7® 181 182,

Bearing this in mind, the amphipathic helix of FKHDM-1 may also be involved
in the targeting of this peptide to lysosomes, which may represent its final destination.
Interestingly, like Tip, the amphipathic helix of FhRHDM-1 is also rich in both isoleucine
and leucine hydrophobic residues!!'>. Therefore, the interaction of FRHDM-1 with lipid
rafts may also be facilitated by its C-terminal amphipathic helix, which could target
FhHDM-1 to these plasma membrane domains. Although FhHDM-1 was not recovered
along with integral membrane proteins after cellular fractionation'!® (Section 1.5.1), an
association with lipid rafts remains feasible, since it has been demonstrated that only
proteins that are strongly associated with lipid rafts remain in the insoluble fractions,
whereas weakly associated proteins are extracted when this type of technique is

employed'®?,

The positively charged residues within Tip also facilitate its interaction with
lipid rafts, as they bind to negatively charged lipids!”. Although the amphipathic helix
containing peptide of FhRHDM-1 is capable of binding to multiple phospholipid species
(independent of their charge or saturation, but dependent upon the differential spacing
of their head groups in the phospholipid bilayer''®), it is still possible that the affinity of
FhHDM-1 for cholesterol aids its interaction in an analogous manner, especially given

158

the high abundance of this lipid within lipid rafts'>°. Therefore, it is hypothesised that

an interaction, possibly mediated via the amphipathic helix, could induce membrane

3

curvature'®3, resulting in vesicular formation (as is induced by epsin'’®) and FhHDM-1
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internalisation, with potential targeting to lysosomes. This premise is corroborated by

the findings of the current study.

Cholesterol depletion using MCD, reduced, but did not abolish, the interaction
between FhHDM-1 and the plasma membrane of macrophages (Figure 3.3 D).
Therefore, it is possible that the amphipathic helix may enable the interaction of
FhHDM-1 with the plasma membrane, via a mechanism that is independent of
cholesterol binding. However, it has to be taken into account that in the current study
the depletion of cholesterol may not have been absolute and a proportion of residual
cholesterol may have remained within the lipid rafts. Furthermore, truncation of the
cholesterol binding motif in FnHDM-1 reduced, but did not abolish, binding to this
lipid, which indicates that while the motif may enhance binding specificity, this

structure may not be essential for the interaction to occur!'*,

While the localisation pattern of fluorescently tagged RecFhHDM-1 and
sFhHDM-1 was identical, significant differences were found when RecFhHDM-1 was
visualised intracellularly, using anti-RecFhHDM-1 antibody, as opposed to an antibody
specific for the C-terminal His-tag attached to the recombinant peptide (Figures 3.1 B &
3.2). It has been reported that RecFhHDM-1 is susceptible to cleavage by cysteine
proteases, an event which results in the release of smaller peptide fragments, which are
undetectable using anti-His antibodies, but are recognised by the anti-RecFhHDM-1
antibody'!>. Therefore, it is possible that after the initial interaction of RecFhHDM-1
with the macrophage surface, the C-terminal His-tag was cleaved, and remained
attached to the cell surface whilst the released peptide fragment (identifiable by anti-
RecFhHDM-1 antibody) was internalized by macrophages.

This type of cleavage event is reportedly essential for the activation of

47 For example, within immature neutrophils, the human

homologous HDPs
cathelicidin precursor, hCAP-18, is stored within cytoplasmic specific granules that do
not possess catalytic activity!8* 85 When the cells become fully matured, hCAP-18 is
exocytosed and extracellular exposure to proteases cleaves the cathelin-like pro-
segment of the precursor, releasing the active LL-37'%13¢ However, when the storage
of hCAP-18 is mistargeted to azurophil (lysosome-like) granules, premature cleavage

occurs, which induces the early activation of this cathelicidin'®’.
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Endocytosed LL-37 (as well as LL-37-coated DNA plasmids) has been reported
to accumulate at perinuclear locations'*® '*°. However, the final destination of specific
molecules coated with this peptide (to aid their uptake) seems to be dependent upon the
nature of its cargo, as occurs after endocytosis of LL-37-coated LPS complexes that are
delivered to lysosomes in DCs!®’. The ability of FhNHDM-1 to associate with plasma
membranes, its endocytosis, and localisation to lysosomes may render it a potential
carrier protein, since cargo molecules could be entrapped through rearrangements of the
amphipathic helical region, which would allow the formation of a hydrophilic pore (as
has been reported for carrier peptides)'>*. This ability could potentially be exploited for
FhHDM-1 mediated drug delivery to lysosomes. Furthermore, targeting of FRHDM-1
towards lysosomes, and the subsequent release of its peptide by protease cleavage may
have a biological impact on macrophages, especially given the crucial role that

lysosomes play in their function.
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CHAPTER 4 FHHDM-1 MODULATES THE PROCESSING OF

ANTIGENS BY MACROPHAGES
4.1. Introduction

Historically, macrophages have been considered professional phagocytes, due to
the efficiency with which they eliminate pathogens and clear cellular debris (resulting
from apoptotic and necrotic processes). However, it is also now widely recognised that
macrophages play crucial roles in immunity, which determine, in a large part, the nature
of the adaptive immune responses generated'” 4. Macrophages not only have the
capability of recognising, internalising and degrading pathogens and dying cells, but
also produce a wide array of cytokines, and other immune regulatory molecules, that
promote either pro- or anti-inflammatory adaptive immune responses. Furthermore,
macrophages play a major role in the activation of T cells, due to their ability to process
phagocytosed material and present the resultant antigenic peptides to T cells!”- 140 188189,
A process that is possible due to the expression of major histocompatibility complexes
(MHCI and II) and activation markers (CD80 and CD86) by macrophages'’: 140 188,
Altogether, these functional roles form an integral link between innate and adaptive
immune responses!’ 140 141,

Fundamental to these biological activities of macrophages are the intracellular
lysosomes. The process of endocytosis involves a series of vesicular maturation stages
that culminate in the delivery of extracellular material to lysosomes (Section 3.3). These
organelles, comprise the site for processing and degradation of internalised antigens, are
involved in secretory pathways (lysosomal exocytosis), and contribute to the general
maintenance of cellular homeostasis (including plasma membrane repair and recycling

of intracellular contents)!?%-1%4,

Lysosomes are delimited by a single phospholipid bilayer membrane that is rich
in highly glycosylated integral proteins (predominantly LAMP1, LAMP2 and CD63).
These proteins form a glycocalyx that lines the luminal face of the membrane!®> . The
lysosomal lumen houses a group of catalytic enzymes that are collectively known as
hydrolases. Acid hydrolases, trafficked from the endoplasmic reticulum, are tagged with

mannose-6- phosphate residues (in the Golgi cisternae), which then bind to mannose
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phosphate receptors (MPR), located in the trans-Golgi network (TGN)' 7. These
complexes are then transported within clathrin-coated intermediate vesicles, which
ultimately fuse with endosomes, where the acidic pH dissociates the ligand/receptor
complexes'®* 17, Clathrin plays an important role in returning the MPRs to the TGN for
recycling, by forming coated vesicles and pits that facilitate their transportation. The
endosomes containing hydrolases then fuse with lysosomes where they can most

optimally perform their enzymatic roles'®>.

The catalytic activity of lysosomal hydrolases is dependent upon the acidity of
the luminal region where they reside!®* %1 Central to the maintenance of the low pH
environment is the activity of the membrane vacuolar ATPases (vATPases). This multi-
subunit enzyme complex consists of a soluble Vi sub complex, which catalyses ATP
hydrolysis, and a membrane-embedded Vo sub complex that is responsible for proton
translocation. Jointly, these subunits form the functional vATPase, which utilises ATP
hydrolysis as source of energy to pump protons, against an electrochemical gradient,

into the luminal region, thus establishing and maintaining pH levels between 4.6 and
5193, 198,200,201

During endocytosis, membrane receptors, which have bound to extracellular
material, are internalised and delivered to early endosomes. The weakly acidic
environment in these organelles induces dissociation between the internalised cargo and
receptors, the latter being recycled to the membrane, whilst the former remain within
the endosomes!®* 1% 292 Endosome maturation is characterised by the conversion of
Rab proteins, whereby Rab5 localisation to the early endosomes is lost and Rab7
localisation is acquired'®* 224, However, the engulfed material has to be ultimately
delivered to lysosomes, where it is fully processed. Several, often conflicting,
hypotheses to describe the mechanism of this process have been proposed. However, it
has been recently concluded that a combination of transient contacts (a process referred
to as ‘kissing’) and fusion events, occurring between lysosomes and late endosomes (or
lysosomes and autophagosomes in case of intracellular constituents) result in the
formation of hybrid organelles that allow material transfer and mixing!®* 194 202, 203,205
This process culminates in lysosome reformation where degradation/processing can

occur?0% 203,
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Degradation of endocytosed antigens by lysosomal hydrolases yields antigenic
peptides, generally between 12-19 residues in length (however longer peptides can
result)!?3 2% 207 These peptides can then be loaded onto MHCII molecules, within the
lysosomal compartment, and the complexes formed are then delivered to the plasma
membrane for presentation to CD4" T cells. This presentation process, in combination
with co-stimulation, induced by activation markers interacting with their cognate

partners on the T cell, induce T cell activation and proliferation!®% 206-208,

Due to the dependence of hydrolase activity upon acidification of the lysosomal
lumen'®, if the low pH environment is compromised, antigen processing is prevented,
and, accordingly, cells are incapable of presenting processed antigens to T cells.
However, if the native antigen is artificially processed, by chemical or enzymatic
means, prior to co-incubation with APCs, such as macrophages, then enzymatic
processing in the acidic environment of the lysosome is no longer required and antigen
presentation can occur®”’-2%, These observations highlight the essential requirement for
lysosomal acidification, and hence vATPase activity, for antigen processing. The
localisation of FhHDM-1 to macrophage lysosomes (Chapter 3), and the previously
mentioned proteomics analysis'*?, suggest that FhHDM-1 can potentially exert a
functional impact on this organelle. Therefore, the ability of this peptide to influence
not only lysosomal conditions but also the ability of macrophages to process and present

antigen to T cells was assessed.
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4.2.  Specific methods

4.2.1. ENDOCYTOSIS AND VESICULAR ACIDIFICATION STUDIES

42.1.1. DEXTRAN ENDOCYTOSIS STUDIES

4.2.1.1.1. Flow Cytometry

Triplicate samples of RAW264.7 murine macrophages were seeded into 24-well
plates (5x10° cells per well) and incubated O/N to allow adherence. Two sets (of
triplicate samples each) were either untreated or pre-incubated with sFhHDM-1 at
concentrations of 10, 20, 50 or 100ug/mL for 1h or 20h. As comparative inhibitory
controls, some samples were incubated with the vATPase inhibitors, concanamycin A
(Sigma), at a concentration of 0.866pug/mL (equivalent to 1uM) for 1h, or cytochalasin
D (2pg/mL) (Sigma) for 30min. Supernatants were removed and one set as well as the
concanamycin A-treated samples, were then incubated with 10pg/mL pHrodo™ green
dextran (Life Technologies) for 1h. The second set of samples, in addition to the
cytochalasin-treated samples, were incubated with Alexa 647-conjugated dextran
(dextran-647; Molecular Probes) at 10png/mL for 1h. All incubations were performed at
37°C/5% COz. For the cytochalasin D-treated samples, the inhibitor remained in culture
during the entire dextran-647 incubation period. Cells were prepared for flow cytometry
by washing them twice in 500uL. FACS buffer (PBS, 1%w/v BSA, 2%v/v FBS and
0.05% Az). Then cells were scraped off the plate using the end of a pipette tip and
transferred to FACS tubes for analysis using a BD LSR II Flow Cytometer System (BD
Biosciences). Immediately prior to analysis, 1uM SYTOX blue dead cell stain
(Molecular Probes) was added to each sample. The collected data was further analysed
using the FCS express version 4 software and gating was applied on single live cells.
ANOVA followed by Dunnett’s statistical tests, using Graph Pad Prism version 6
software, were performed to determine significant differences between geometric mean
values of sample treatments and the positive controls. An equivalent experiment was
also performed in which samples were simultaneously incubated with sFhHDM-1 (at

10, 50 or 100png/mL) and labelled-dextrans for a period of 1h.
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4.2.1.1.2. Confocal microscopy

BALB/c BMDMs were seeded into 35mm microscopy dishes (1x10° cells per
dish). One sample was pre-incubated with Alexa 488-conjugated sFhHDM-1 (50pg/mL
for 2h, 37°C/5% CO») prior to washing twice with sterile PBS (RT), and then incubated
with Alexa 647-conjugated dextran at a concentration of 10pg/mL in media (1h,
37°C/5% COy), or simultaneously incubated with both molecules (1h, 37°C/5% CO).
In addition, samples of cells treated with vehicle only or dextran-647 only acted as
controls. Cells were then prepared for microscopy, as outlined in Section 2.3. Once
images were obtained, quantitative analysis was performed by identification of the
uptake of sSFhHDM-1 and/or dextran-647 as well as co-localisation in 100 cells per
sample, by visual analysis using the NIS software. This experiment was repeated using
primary human macrophages following the same procedure, with the exception that
cells were incubated with 20ug/mL sFhHDM-1 for 1h. Furthermore, for the murine
samples, t-tests, using Graph Pad Prism version 6 software, were performed to
determine significant differences in the percentage of detected fluorescently positive

cells per field of view, between the pre- and simultaneously FRHDM-1 treated samples.
4.2.2. EFFECTS OF FHHDM-1 ON ANTIGEN PROCESSING AND PRESENTATION

422.1. EFFECTS OF SFHHDM-1 oN DQ OVALBUMIN PROCESSING

Triplicate samples of RAW264.7 macrophages were seeded into 24 well plates
(7x10° cells per well), incubated O/N at 37°C/5% CO; to allow adherence, and media
was removed prior to sample treatment. One set of cells was pre-incubated with
sFhHDM-1 for 1h (37°C/5% CO3) at concentrations of 10, 50 or 100pug/mL, and then
washed three times with sterile PBS (RT). Then this sample set was incubated with
10pg/mL DQ ovalbumin (Molecular Probes) for 1h, 37°C/5% COs. During this latter
incubation another set of samples was simultaneously incubated with 10pg/ml DQ
ovalbumin and sFhHDM-1, at concentrations of 10, 50 or 100pg/mL. Unstained and
DQ ovalbumin only samples were also included as controls. All wells were washed,
cells were removed by scraping (using the end of a pipette tip), resuspended in FACS
buffer, and transferred to FACS tubes. Prior to analysis, 0.1mM of the nuclear stain,
DAPI, was added to each sample to distinguish dead cells. Flow cytometric data was
collected by Dr Suat Dervish (Centenary Institute, Sydney) using the BD Fortessa Flow

Cytometer System (BD Biosciences). Further analysis using the FCS express version 4
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software was performed with gating on single live cells. ANOVA followed by
Dunnett’s statistical tests, using Graph Pad Prism version 6 software, were performed to
determine significant differences between geometric mean values for the sample

treatments and the positive control.

42.72.2. EFFECTS OF FHHDM-1 ON ANTIGEN PRESENTATION TO TRANSGENIC

MURINE CELLS

4.2.2.2.1. Antigen processing studies

Triplicate samples of C57BL6 BMDMs (Section 2.2.3.1) were seeded into a 96
well flat tissue culture grade plate (2x10° cells per well) containing 10ng/mL of mouse
recombinant I[FNy (BD Biosciences), and incubated for 24h at 37°C/5% CO: to up
regulate MHCII expression. Cells were then washed twice with sterile PBS (RT) and
incubated with the inhibitor concanamycin A (0.866pug/mL) or FRHDM-1 (100pug/mL)
for 1h at 37°C/5% CO». Media was removed and samples were incubated with either
full-length ovalbumin (EndoFit Ovalbumin; Invivogen, San Diego, USA) at a
concentration of 2mg/mL, or ovalbumin peptide (323-339) at 10ug/mL (AnaSpec Inc.,
Seraing, Belgium) for 6h at 37°C/5% COx. For simultaneous incubation experiments,
cells were incubated with FhRHDM-1 in combination with ovalbumin (full length or

peptide) at the same concentrations and under the same conditions as described above.

4.2.2.2.2. T cell isolation

Spleens were isolated from OT-II mice (C57BL6 background) obtained from the
Walter and Eliza Hall Institute (WEHI) (Victoria, Australia). These homozygous
transgenic mice express the a-chain and -chain TcR that pairs with the CD4 co-
receptor and is specific for chicken ovalbumin 323-339 in the context of I-Ab.
Procedures were performed under ethics approval number 2013-075 (UTS). Single cell
suspensions of splenocytes were obtained by passing tissue through nylon cell strainers
(70um cut off) using the rubber ends of plungers from ImL syringes. The resulting
splenocytes were pelleted by centrifugation (15min at 300g). Red blood cells were lysed
by resuspending cells in 2mL Hybri-Max lysis buffer (Sigma) followed by a 5Smin
incubation period at RT. Cells were washed with RPMI 1640 media and pelleted
(15min at 300g). T cells were purified by negative selection using a CD4 T cell
isolation kit, according to the manufacturer’s recommendations (Miltenyi Biotec). The

resultant cell population was 90% CD4", as assessed by flow cytometry using PE-anti-
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mouse CD3 molecule complex clone 17A2 and Pacific Blue-anti-mouse CD4 clone
RM-4-5 antibodies (BD Pharmingen; Section 2.4). Cells were resuspended at a density
of 5x10° cells per mL in RPMI 1640 media, supplemented with L-glutamine, 10% HI
FBS, 1% penicillin/streptomycin, and 0.004% 2-mercaptoethanol.

4.2.2.23. Antigen presentation studies

Media was removed from wells containing ovalbumin treated C57BL6 BMDM
samples (Section 4.2.2.2.1) and CD4" T cells (1x10°) were added for co-incubation over
24h to allow antigen presentation to occur. After this, cells were pelleted (Smin at 300g)
and supernatants were collected, diluted 1/10, and assayed for IL-2 by ELISA (BD
Biosciences; Section 2.5). ANOVA followed by Dunnett’s statistical tests, using Graph
Pad Prism version 6 software, were performed to determine significant differences in

IL-2 secretion between sample treatments and the positive control.

4.2.3. EFFECTS OF FHHDM-1 oON MHCII SURFACE EXPRESSION BY BMDMS

BALB/c BMDMs were seeded into 6 well plates (2x10° cells per well) and
incubated O/N to allow adherence. One set of duplicate samples was pre-incubated for
2h with sFhHDM-1 (50pg/mL), washed three times, and incubated with IFNy
(10ng/mL) for 2h. Remaining samples (in duplicate) were incubated with either
sFhHDM-1 (50pg/mL) or IFNy (10ng/mL) for 2h, or left untreated. Then cells were
washed twice with FACS buffer, removed by scrapping, and ImL FACS buffer was
added prior to cells being transferred into individual eppendorf tubes. Each sample was
split into two aliquots and stained using rat anti-mouse MHCII-Alexa 488 antibody (BD
Pharmingen) or anti-rat-Alexa 488 (BD Pharmingen) (isotype control), following the
protocol described in Section 2.4. Then, cells were transferred to FACS tubes for
analysis by flow cytometry. Immediately prior to analysis, using the BD LSR II flow
Cytometer System (BD Biosciences), 2ug/mL propidium iodine (Life Technologies)
was added to each sample to identify dead cells. Collected data was further analysed
using the FCS express version 4 software and gating applied on single live cells.
ANOVA followed by Dunnett’s statistical tests, using Graph Pad Prism version 6
software, were performed to determine significant differences between geometric mean

values of the sample treatments and the untreated control.
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4.3. Results

4.3.1. FHHDM-1 REDUCES VESICULAR ACIDIFICATION AND ENHANCES ENDOCYTOSIS

BY MACROPHAGES

Collectively, the microscopic studies presented in Section 3.3 suggested that,
following endocytosis by macrophages, lysosomes were the final intracellular
destination of FRHDM-1. Accordingly, it was hypothesised that FnHDM-1 exerted its
biological activity within this organelle. During endocytosis the vesicles that transport
extracellular cargo become progressively acidified, from a luminal pH of 6 in early
endosomes to an acidic environment of pH 4.5 within lysosomes!'*. Considering the
importance of luminal pH in the control of lysosomal functions, notably antigen
processing, it was initially determined if FhHDM-1 influenced the maintenance of

lysosomal pH within macrophages.

Conjugated dextran molecules were used for the purposes of these studies as
they are known to be internalised via endocytosis; the molecule being first encapsulated
in early endosomes, which then mature into late endosomes and finally into
lysosomes?!%212, Two conjugated versions of dextran were selected to assess the impact
of FhHDM-1 on lysosomal activity. The uptake and internalisation of dextran was
assessed by incubating cells with Alexa647-conjugated dextran, which fluoresces
intracellularly in a pH-independent manner. In contrast, pHrodo dextran is pH sensitive
and, upon internalisation, its conjugated fluorophore emits a signal that increases in
intensity proportionately to the degree of acidification of the environment in which the
molecule is contained. Additionally, pHrodo dextran is non-fluorescent within
extracellular spaces or at neutral pH environments, thereby preventing its detection

when it is non-specifically bound or when it is not endocytosed?'?.

Thus, to investigate the effect of FhHDM-1 on lysosomal acidification,
RAW264.7 macrophages were pre-incubated (for periods of 1 or 20h), or
simultaneously treated with increasing concentrations of FhHDM-1, and subsequently
incubated with the dextran-conjugates (for a period of 1h to allow sufficient time for
maturation of early endosomes to lysosomes; a process that takes approximately 40
min'®*). In addition, some samples were pre-incubated with cytochalasin D, which

inhibits actin polymerisation (to prevent vesicular transportation and thus endocytosis®"
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165) or with the known specific vATPase inhibitor, concanamycin®'® (to assess the
effects on acidification), instead of FhHDM-1 treatment, prior to incubations with

dextran conjugates to act as inhibitory controls for comparative purposes.

As expected, the incubation of macrophages with cytochalasin D significantly
reduced the uptake of dextran-647 (p<0.001). In contrast, cells pre-treated for 1h with
the highest concentration of FKRHDM-1 used (50png/mL) showed a significant increase in
the amount of fluorescence attributable to dextran-647 uptake (p<0.001) (Figure 4.1 A
& B: right panels). Similar to the 1Th FhHDM-1 pre-treatment period, the extended
treatment protocol of 20h, also significantly (p<0.0001) enhanced the endocytosis of
dextran (Figure 4.1 C: right histograms) by macrophages.

The intensity of fluorescence emitted by pHrodo dextran (Figure 4.1 A & B left
panels) was significantly reduced after a lh pre-incubation of macrophages with
concanamycin A (p <0.0001). A slight increase in lysosomal acidification levels
(pHrodo dextran detection) was observed in samples where macrophages had been pre-
incubated for 1h with 20pg/mL FhHDM-1 (p<0.05), which was consistent with an
increase in dextran uptake. These observations are likely attributable to an accumulation
of undigested endocytosed material, which normally induces an increase in lysosome

numbers and therefore expands the overall availability of acidified vesicles'™*

. However,
a significant decrease (p<0.0001) in the detected fluorescent signal was evident when
macrophages were pre-treated with 50pug/mL FhHDM-1 for 1h, prior to the addition of
pHrodo dextran (Figure 4.1 A & B: left panels). Analyses of fluorescence emission by
pHrodo dextran in macrophage samples pre-treated with FhHDM-1 for 20h was not
possible, as a resultant increase in auto fluorescence in the pHrodo dextran detection
channel made the interpretation of results unreliable (Figure 4.1 C: left panels).
Collectively, these data indicate that, the highest concentration FhRHDM-1 tested at 1h
pre-incubation, was capable of compensating for the increase in dextran

uptake/lysosomal number in macrophages, and resulted in an overall decrease in

lysosomal acidification.

Simultaneous incubation with 50 and 100pg/mL FhHDM-1 and dextran-647 for
1h revealed a significant increase in dextran endocytosis (Figure 4.2 A: right panels)
(p<0.0001) which, as can be seen in both the histogram and graphic representations

(Figure 4.2 A & B), was even more profound than the increase in uptake induced by 1h
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pre-treatment of macrophages with FnHDM-1 prior to dextran-647 incubation (Figure
4.1). However, simultaneous incubation of macrophages with FhHDM-1 and pHrodo
dextran revealed that vesicular acidification was maintained at the levels observed when
only pHrodo dextran was incubated with the cells, that is, FhHDM-1 did not induce any
changes to lysosomal pH, at least at the concentrations tested. Even increasing the
FhHDM-1 concentration up to 100pug/mL exerted no effect under these conditions
(Figure 4.2 A: left panels).
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Figure 4.1 Macrophage pre-treatment with FhHDM-1 decreased dextran detection in acidified vesicles but not its endocytosis.
Histograms (A) and geometric mean analyses (B) of fluorescence intensity measured in RAW264.7 murine macrophages pre-incubated with
FhHDM-1 or concanamycin (0.866pug/mL) for 1h, or co-incubated with cytochalasin D (2pug/mL), followed by incubation with 10png/mL pHrodo
dextran (left panels) or with dextran-647 (right panels). Data representative of two individual experiments performed in triplicate. Statistically
significant differences were determined by ANOVA followed by Dunnett’s test, using pHDex or Dex647 as controls (*, p<0.05; **, p<0.01; **=,
p<0.001; =+, p<0.0001). Histograms in (C) correspond to results using an FnRHDM-1 pre-incubation period of 20h, as opposed to 1h.
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Figure 4.2 Simultaneous incubation of macrophages with FhHDM-1 did not affect the detection of dextran in acidified vesicles, but it did
increase the uptake of dextran. Histograms (A) and geometric mean analysis (B) of RAW264.7 murine macrophages simultaneously incubated
with FhHDM-1 (at increasing concentrations) and pHrodo Dextran (A & B left panels) or Dextran 647 (A & B right panels). The provided data is
representative of two individual experiments performed in triplicate for each sample treatment. Statistically significant differences were

determined by ANOVA followed by Dunnett’s test, using pHDex or Dex647 as controls (x++*, p<0.0001).
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Although flow cytometry is a useful quantitative technique, it cannot establish
the intracellular location of a fluorescent signal. Considering that pHrodo Dextran does
not emit a fluorescent signal unless it is exposed to an acidic pH?'?, it was important to
determine whether the decrease in emissions of fluorescence by this molecule, in the
presence of FhRHDM-1, was attributable to a reduction in lysosomal acidification or to
impaired endocytosis of dextran. The obtained data after incubation of macrophages
with FnHDM-1 and dextran-647 suggested that an increase in lysosomal pH was most
likely occurring. However, as an additional method of assessment, confocal microscopy
was employed. For these experiments, BALB/c BMDMs were incubated with a
combination of dextran-647 and Alexa 488-conjugated FhHDM-1 (Figure 4.3).
Corroborating the flow cytometry data, neither pre-treatment nor simultaneous
incubation of macrophages with FnHDM-1 impaired the endocytosis of dextran. In
fact, in comparison to cells treated with dextran only, macrophage populations
additionally treated with FRHDM-1 had larger numbers of dextran-containing cells with
brighter foci of fluorescence emitted by dextran, suggesting that endocytosis was
increased in the presence of FhHDM-1. Furthermore, comparison of pre-incubated
versus simultaneously incubated samples indicated that the latter conditions induced a
significantly higher rate of dextran endocytosis (Figure 4.3 G p= 0.0044), which is in
agreement with the flow cytometry analyses. Additionally, a degree of co-localisation
(observed as yellow fluorescent foci) of FnHDM-1 and dextran was observed, which
suggested that both molecules were simultaneously contained within the same endocytic
compartments, when macrophages were both pre-treated and simultaneously treated
with FhHDM-1 and dextran (Figure 4.3 C, D & G). However, the latter experimental
conditions seemed to facilitate a greater degree of co-localisation (Figure 4.3 G p=
0.0038). Additionally, simultaneous incubation of FRHDM-1 and dextran with primary
human macrophages yielded similar results, indicating that this effect was not species

specific (Figure 4.3 E & F).
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Figure 4.3 Macrophages treated with FhHDM-1 can endocytose dextran and simultaneous incubation with both molecules enhanced the
co-localisation of FhnHDM-1 and dextran. Representative immunofluorescence images obtained by confocal microscopy of BALB/c BMDMs
(A-D) or primary human macrophages (E & F) that were either untreated (A), incubated with dextran-647 (red fluorescence) only (B & E), pre-
treated with Alexa 488-conjugated sFhHDM-1 (green fluorescence) prior to incubation with dextran-647 (C), or simultaneously incubated with
both molecules (D & F). Co-localisation (C, D & F) can be observed as yellow fluorescence and DAPI (E & F; blue fluorescence) was used for
nuclear identification (100x objective; scale bar: Sum). Provided images are representative of five fields of view per sample treatment and the
experiment was performed twice. Graphical representation (G) after quantitation of numbers of cells imaged per field of view of samples (C- pre-
treatment) and (D- simultaneous) where Dextran 647 and sFhHDM-1 uptake were detected (Co-loc denotes the presence of co-localisation and
Not-coloc refers to cells where both molecules were identified but did not co-localise to the same vesicular region). Statistically significant
differences between sample treatments were determined by t-tests (x, p<0.05; =+, p<0.01).
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4.3.2. FHHDM-1 REDUCES ANTIGEN PROCESSING BY MACROPHAGES

Given the ability of FhHDM-1 to reduce lysosomal acidification within
macrophages, it was of interest to determine the impact that this phenomenon would
have on the biological activity of these cells. The best characterised function of the
acidified lysosome is the enzymatic degradation of proteins into smaller peptides, for
presentation by MHCII molecules to CD4" T cells. To assess this, DQ ovalbumin (DQ
Ova), a full-length ovalbumin protein heavily labelled with the fluorescent pH
independent dye, BODIPY?!* 2! was used. This dye is present in such an abundance
that its molecules interact, such that the complex becomes spontaneously quenched
within the folded ovalbumin protein, thereby rendering the unprocessed DQ Ova non-
fluorescent. However, upon protease digestion of the ovalbumin protein, this quenching
effect is lost, and the resulting DQ Ova peptides become highly fluorescent?!# 213,
Furthermore, the accumulation of the digested peptides within lysosomes, results in
high concentrations of the fluorescent dye in a confined space, leading to the formation
of excited dimers (excimers). The presence of these excimers causes a gradual shift in
fluorescence emission from green (516nm) to red (540-600nm). Therefore, the intensity
of red fluorescence is indirectly proportional to the enzymatic activity of lysosomal

hydrolases, and reflects the efficiency of antigen processing?!42!6.

RAW264.7 murine macrophages were either pre-treated or simultaneously
treated with FnHDM-1 (10, 50 or 100png/mL) and with DQ Ova (Figure 4.4 B-D). Only
the simultaneous incubation of FKRHDM-1 (at 50 or 100png/mL) and DQ Ova resulted in
a significant reduction in fluorescence emitted by processed DQ Ova aggregates, as
detected by flow cytometry, in a concentration-dependent manner (Figure 4.4 C&D
p <0.0001). Analysis of cells treated with FhHDM-1 only further indicated that
FhHDM-1 was not contributing to the detection of red fluorescence, and, accordingly,

this observation was attributable to fluorescence emitted by DQ Ova only (Figure 4.4

A).
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Figure 4.4 Simultaneous incubation with FhHDM-1 and ovalbumin reduces the ability of macrophages to process antigen. RAW264.7

murine macrophages were untreated, incubated with DQ Ova only, or sFhHDM-1 only as controls. Also cells were either pre-incubated with

sFhHDM-1 prior to incubation with DQ Ova, or simultaneously treated with both sSFhHDM-1 and DQ Ova, with increasing concentrations of

sFhHDM-1. Fluorescence emitted by the degraded aggregates of processed DQ Ova was detected by flow cytometry. Histograms (A-C) and

graphed geometric means (D) with their respective statistical analysis (ANOVA followed by Dunnett’s test using the DQ Ova sample as control)

are provided (x+, p<0.01; ==+, p<0.0001). Data is representative of two individual experiments performed in triplicate.
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4.3.3. EFFECTS OF FHHDM-1 ON ANTIGEN PRESENTATION BY MACROPHAGES

The significant reduction in ovalbumin processing by macrophages, induced by
FhHDM-1, suggested that the ability of these cells to present antigenic peptides to CD4"
T cells was likely to be impaired. To assess this, C57BL6 BMDMs were primed with
I[FNy for 24h (to make the cells conducive to antigen presentation via inducing up
regulation of MHCII expression levels'#!), followed by 1h incubation with the vATPase
inhibitor, concanamycin A%'*, or FhnHDM-1. After this, macrophages were incubated
with full-length ovalbumin (Ova) for 6h, which is sufficient time to allow uptake and
initiation of antigen processing. A second set of samples was simultaneously incubated
with FRHDM-1 and Ova. To confirm that any effects on T cell proliferation observed
were attributable to impaired processing, as opposed to an effect on the presentation of
peptides, cells were also incubated with pre-processed ovalbumin antigenic peptide
(323-339). In this latter case, the presentation of peptide would occur independently of

processing mechanisms 4!,

Subsequent to their incubation with Ova or Ova peptide, macrophages were co-
incubated with splenic CD4" T cells, isolated from transgenic mice (OTII mice) whose
T cells express a TcR that specifically recognises ovalbumin peptides®!’. After 24h,
culture supernatants were collected, and the secretion of IL-2 by T cells was measured
as an indication of their activation and expansion due to presentation of cognate antigen,
Ova'*!l. As expected, IL-2 was secreted by T cells that were co-incubated with
macrophages treated with Ova and Ova peptide (Figure 4.5). In agreement with the DQ
Ova data, pre-incubation of macrophages with FnHDM-1 had no significant impact on
T cell proliferation. In contrast, the simultaneous incubation of macrophages with
FhHDM-1 and Ova resulted in a significant reduction (p<0.001) in the secretion of IL-2
by T cells, indicating a reduction in T cell proliferation. A significant reduction
(p<0.0001) in IL-2 secretion was also observed when T cells were co-incubated with
macrophages pre-treated with concanamycin A. Incubation of macrophages with
FhHDM-1 had no impact on their ability to present Ova peptide to T cells, as the levels
of IL-2 secreted were the same as those observed for the positive control samples. These
data thus confirmed that FhHDM-1 was specifically inhibiting the processing of

proteins into peptides for presentation by MHCII molecules.
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Figure 4.5 FhHDM-1 reduces the ability of macrophages to process antigenic peptides for their presentation to T cells. C57BL6 BMDMs
were primed with IFNy (to up regulate MHCII expression) prior to either pre-treatment or simultaneous incubation with FnHDM-1 and full-
length ovalbumin (Ova) or ovalbumin peptide (OPep); to independently assess the effects of FRHDM-1 on antigen processing or presentation by
macrophages, respectively. As a readout for antigen presentation, macrophages were then co-cultured with T cells isolated from OTII mice,
which specifically proliferate in response to presentation of ovalbumin derived antigenic peptide. An ELISA was used to measure 1L-2 secretion
by T cells, which is indicative of T cell activation and subsequent proliferation. Triplicate optical density readings detected at 450nm (with a
570nm correction), were converted to IL-2 concentrations for graphical representation. Statistically significant differences in samples treated

with Ova were determined by ANOVA followed by Dunnett’s test, using the Macs+Tcells+Ova sample as control (x++, p<0.001; **++, p<0.0001).
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These findings support the hypothesis that the lysosomal localisation of
FhHDM-1 allows this peptide to exert its biological impact on the organelle, that is, by
inhibiting the ability of macrophages to process, and subsequently present antigens.
However, to further confirm the specific nature of this inhibition, the influence of
FhHDM-1 on the expression of MHCII was assessed. Expression levels of MHCII
molecules are increased after exposure to IFNy, via mechanisms which are lysosomal-
independent*'®. Thus, BALB/c BMDMs were incubated with FhnHDM-1 (50pg/mL),
IFNy (10ng/mL), or the combination of FhHDM-1 and IFNy for periods of 2h
(untreated cells served as a negative control). Macrophages were stained with antibody
against MHCII molecules and analysed by flow cytometry. Importantly, the expression
of surface MHCII was above the fluorescence detected for isotype only treated samples,

thereby indicating antibody specificity (Figure 4.6 Histogram).

Incubation of macrophages with FhHDM-1 alone did not significantly increase
expression levels of MHCII molecules above the levels observed for untreated
macrophages (Figure 4.6). This data suggested that FhHDM-1 did not activate
macrophages. In contrast, and as expected, incubation of macrophages with IFNy
significantly enhanced MHCII expression levels (p<0.0001), which were not influenced
by the presence of FhHDM-1, even with incubation periods of up to 2h in duration,

which were longer than those used for the antigen presentation experiments.

Overall, these results suggest that the observed decreases in antigen processing
and subsequent presentation by macrophages, induced by exposure to FhHDM-1,
occurred as a result of reduced endolysosome acidification, and were not attributable to

an effect on the surface expression levels of MHCII molecules.
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Figure 4.6 FhHDM-1 did not alter MHCII expression levels by macrophages. BALB/c BMDMs were either untreated or incubated with
FhHDM-1 (50pg/mL), IFNy (10ng/mL), or with both FhHDM-1 and IFNy, for periods of 2h, and then stained with anti-MHCII or isotype
control antibodies. Histogram and graphical representation (geometric means) of MHCII expression levels, as determined by flow cytometry
analyses, are provided and are representative of two individual experiments performed in duplicate for each sample treatment. Statistically
significant differences between sample treatments were determined by ANOVA followed by Dunnett’s test, using the untreated sample as control

(++, p<0.01; **++, p<0.0001).
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4.4. Discussion

The capacity of macrophages to endocytose extracellular material was not
prevented by their incubation with FhHDM-1. However, treatment of macrophages with
this peptide did interfere with the generation and/or maintenance of optimally acidified
environments within the lysosomal luminal regions. As a consequence, FhHDM-1
prevented the efficient processing of proteins into peptides by hydrolases. This
phenomenon exerted a direct negative impact upon the ability of macrophages to
subsequently present antigenic peptides (in the context of MHCII) to CD4" T cells, thus
preventing T cell activation and proliferation. Collectively, this data provides evidence
for a mechanism by which FhlHDM-1 may regulate the mammalian immune system;

namely by modifying the lysosomal-related functions of macrophages.

The data obtained from the dextran endocytosis experiments, suggested that
FhHDM-1 did not impair the efficiency with which macrophages internalised dextran
(Figures 4.1-4.3). In fact, simultaneous incubation of macrophages with both FhHDM-1
and dextran, actually induced increased endocytosis of the latter. This could simply be a
result of macrophages being activated, and thus more prone to phagocytosis, as a
consequence of their interaction with extracellular peptides. To establish if this is the
case, or if by the contrary, is an effect specifically induced by FhHDM-1, similar
experiments using alternative peptides or proteins, in parallel to FhHDM-1, in dextran

internalization studies would be required.

The fluorescence emitted by endocytosed pHrodo dextran, in macrophages pre-
incubated with FhHDM-1, was reduced, suggesting an impairment in endolysosomal
acidification within these cells. However, such reduction did not occur with
simultaneous incubation of macrophages with FhHDM-1 and dextran, as in this
scenario basal acidification levels within lysosomes were maintained (Figures 4.1-4.2).
Taken together, the suggested maintenance of consistent vesicular acidification with
increasing rates of endocytosis (detected in the simultaneously treated samples),
essentially imply that FhnHDM-1 could be preventing the overall rise in vesicular
acidification, that would otherwise occur as a result of undigested endocytosed material
stimulating an increase in number of available acidified endolysosomes within the
cells'®. This likely signifies that the resulting endolysosomes are not optimally acidic,

thereby justifying the observed reduction in processing of DQ Ova (Figure 4.4). Pre-
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incubation with the highest concentrations of FhHDM-1 tested appeared to
overcompensate for the increased rate of internalisation, causing a more profound
reduction in the detection of pHrodo dextran fluorescence (suggesting a decrease in
acidification levels). However, if these effects on vesicular acidification were only
transient, it is possible that macrophages were capable of recovering their processing
abilities upon removal of FhRHDM-1 (Figure 4.4). This premise would explain why no
significant changes in antigen processing or presentation were detected when
macrophages were pre-incubated (as opposed to co-incubated) with FhRHDM-1 (Figure
4.5).

Based on the data presented here, there are two potential mechanisms by which
FhHDM-1 may be modulating macrophage function. Firstly, the internalised cargo
(dextran or ovalbumin) could have been successfully transported to reach its final
lysosomal destination. However, due to a more alkaline lysosomal lumen (as indicated
by decreased pHrodo dextran fluorescence), induced by the direct effects of FhRHDM-1
on lysosomal vATPase function, the internalised cargo could not be efficiently
processed. An alternative mechanism supported by the data is that, FhHDM-1 may be
interfering with the process of endocytosis-associated vesicular maturation, thereby

preventing the reformation of fully acidified (cargo containing) lysosomes.

The possibility that FhHDM-1 was directly inhibiting vATPase activity
corroborates previous in vitro studies, which demonstrated that FhRHDM-1 inhibited
ATPase activity in endolysosome enriched membrane preparations, which contain
vATPases''*. Evidence demonstrating that several cationic peptides, which also display
characteristic a-helical amphipathic structures, act as potent ATPase inhibitors, supports
such an inhibitory role for FnHDM-12!"-22!, This biochemical data, in combination with
the cellular localisation of FhHDM-1, support the premise that FhHDM-1 directly
inhibits the acidification of lysosomal vesicles, via inhibition of vATPase activity
(Figures 4.1, 4.2, 4.4 & 4.5). However, definitive experiments where a direct interaction

between FhRHDM-1 and vATPases is demonstrated to exist, are yet to be completed.

While confocal microscopy analyses clearly demonstrated the internalisation and
localisation of dextran to the cytoplasmic regions of macrophages (Figure 4.3), it did
not specifically reveal the identity of the endocytic vesicles that contained the cargo. On

that account, FhHDM-1 may be alternatively functioning to prevent the full maturation
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of intracellular endolysosomal structures into acidified vesicles. Aside from its role in
maintaining optimal luminal pH, vATPase subunits are also involved in the process of
endocytic vesicle maturation, transportation, interaction, and fusion with lysosomes,
although the specific mechanisms are yet to be fully elucidated'®* ?22-2*4, Preliminary
proteomic analyses of macrophages incubated in the presence of FKIHDM-1, revealed a
significant reduction in expression levels of the vATPase subunit, Vo-isoform a3, which
is specific to vATPases located within lysosomal membranes'#> 222 225 226 [n the
absence of this subunit, vATPases may not assemble correctly, thereby rendering them
unable to perform their functions as proton pumps or to exert effects required at earlier
points in the process of endolysosomal maturation. Further evidence that acidic vesicles
may not be formed correctly after treatment with FhHDM-1, comes from the
demonstration that the expression levels of lysosomal membrane proteins, such as
CD63 and LAMPI, were also significantly down-regulated in FhHDM-1 treated
macrophages, as compared to control cells!*?. It has been suggested that, via inducing a
sequence of functional associations between ATPase subunits and clathrin adaptor
complexes, CD63 assists in the extended transportation of associated proteins from the
cell surface to late endosomes and lysosomes®?’. Additionally, it has been demonstrated
that LAMPI1 performs roles in endosomal motility within microtubules, vesicular
interactions, and recruitment of Rab7, thereby regulating endocytic vesicular maturation
events. Furthermore, LAMP1 depletion, along with that of LAMP2, has been shown to

result in an arrest of endocytosis??®,

Fully elucidating the impact of FhHDM-1 upon the maturation process of
endocytic vesicles, and, therefore, the complete transportation pathway from uptake to
delivery to lysosomes, is a challenging objective. Endocytosis is a continuous and
asynchronous process, and, therefore, particles at different stages of the internalisation
process can be detected at any one point in time. Additionally, due to the transient
association of molecular markers with the different stages of the maturing organelles,
even pulse chase approaches are unable to completely elucidate the endosome

maturation process>**

. One approach to achieve this aim would be to perform
quantitative confocal microscopy studies, in which macrophages are simultaneously
labelled with early and late endosomal, as well as lysosomal markers, in the presence of
dextran or ovalbumin, fluorescently labelled with a pH-independent fluorophore.
Alternatively, electron microscopic studies, after the labelling of organelles with
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colloidal gold conjugated antibodies, could be employed to track the internalisation of
molecules and particles and to identify endolysosomal fusion events in FhHDM-1-

treated macrophages®** 2%

. Additionally, a detailed profile of the maturation process
could be achieved by subcellular fractionation of macrophages. By separating the
specific cellular fractions using sucrose gradients, analysis of individual organelles
could then be performed by SDS-PAGE and western blotting (using organelle specific
markers, such as Rab5 for early endosomes, Rab7 or mannose 6 phosphate receptors for
late endosomes, and LAMP1 or LAMP2 for lysosomes)?** 23, This approach may aid in
identifying the relative abundance of each vesicular maturation stage occurring after
dextran internalisation by FhnHDM-1 treated macrophages, thereby enabling indirect
tracking of the degree of endocytic vesicle maturation. Furthermore, proteomic analysis

of isolated lysosomes would provide reliable data to determine the specific lysosomal

proteins (including vATPase subunits) that are modulated by FhHDM-1.

Both scenarios proposed to explain the mechanism by which FRHDM-1 may be
modulating macrophage activity (namely; that FhHDM-1 may be inhibiting the ability
of vATPases to maintain fully acidified lysosomal lumens or alternatively that FhRHDM-
1 could be preventing vesicular maturation during endocytosis), support the ultimate
reduction in antigen presentation by macrophages observed after treatment with
FhHDM-1. In fact, the scenarios proposed may not be mutually exclusive and may
operate synergistically to modulate the ability of FhHDM-1 treated macrophages to
process antigen. Additionally, the current study showed that FhHDM-1 exerted no
direct effect on the ability of macrophages to present pre-processed ova peptide, and
subsequently activate T cells. The observation that FhHDM-1 did not modulate surface
expression levels of MHCII further corroborates the premise that antigen presentation
events were not being directly influenced. Antigen presentation not only relies on the
availability of sufficient numbers of MHCII molecules to present antigen on the cell
surface, but also on the actions of lysosomal hydrolases. Cathepsin S is responsible for
cleaving the invariant chain that occupies the antigenic peptide binding groove of
MHCII molecules prior to peptide loading. Contrary to other lysosomal cysteine
proteases, cathepsin S is stable at neutral and slightly alkaline pH environments'®,
which would indicate that changes in lysosomal pH, as are induced by FhHDM-1,

would not interfere with this process, as was observed in the current study.
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In addition to a reduction in lysosomal processing of internalised antigen, the
modulation in lysosomal acidification induced by FhHDM-1, is likely to impact upon
additional pathways that rely on the establishment of a low pH environment. For
example, the activation of many endosomal/lysosomal TLR receptors is dependent upon
vesicular maturation and the acidic environment of the macrophage lysosome®!-23
Furthermore, a number of lysosomal cysteine proteases, which require luminal
acidification to become activated, translocate to the cytoplasm, where they initiate

210, 234, 235

signalling cascades, which lead to inflammasome activation , as well as

modulating the processes that regulate apoptosis**®23%,

Therefore, by targeting
lysosomal function, FRHDM-1 may exert downstream effects on multiple intracellular
pathways, which collectively may cause immune modulation. Accordingly, FhHDM-1
may offer novel therapeutic strategies for the prevention and treatment of pathologies

arising as a consequence of defective or excessive lysosomal activity.

86



CHAPTER 5 FHHDM-1 REDUCES NLRP3 INFLAMMASOME

ACTIVATION IN MACROPHAGES
5.1. Introduction

The ability of FhRHDM-1 to reduce lysosomal acidification suggested that this
peptide likely affects a number of biological functions that are mediated by
macrophages, aside from disrupting the processing (and so, by default, presentation) of
antigens. In general, lysosomal proteases display optimal enzymatic activity in acidic
pH environments. However, cathepsin B activation is particularly dependent upon such
conditions, as it undergoes structural relaxation at low pH, which optimises its
conformation for interaction with substrates!*® 2%, Beyond its role within the lysosome,
the release of cathepsin B into the cytosol has been linked to the activation of the

NLRP3 inflammasome?!® 23% 240

Therefore, by inhibiting the acidification of
lysosomes, and thus the activation of lysosomal proteases, FRHDM-1 may prevent

NLRP3 activation.

Inflammasome protein complexes are formed in response to cellular danger or
stress signals, and their assembly relies upon the activity of the cytosolic sensors,
nucleotide-binding oligomerisation domain protein (NOD)-like receptors or NACHT-
leucine-rich repeat receptors (NLRs)**!23, These receptors trigger a cascade of events
that culminate in the production of the cytokines IL-1B and IL-18%**! 24245 Through
interaction with their specific receptors, these cytokines drive various downstream
effects, such as the activation of innate immune cells (monocytes, macrophages and
neutrophils), stimulation of cytokine secretion (including IL-6, IFNy and IL-4),
induction of leukocyte migration, as well as the activation and differentiation of T cells
towards Th17 or Thl (via the actions of IL-1p or IL-18, respectively)**!: 24 245 In
addition, excessive inflammasome activation can also drive cells towards pyroptosis,

which is a caspase-1-mediated programmed cell death process**>-247.

Although a number of subfamilies of NLRs exist, only NLRP1, NLRP3, NLRC4
(IPAF), and absent in melanoma 2 (AIM2) are known to be involved in the formation of
inflammasomes?*!> 24> 245- 248 " Of these, the NLRP3 inflammasome, which is primarily

expressed in cells that perform immune-related functions, including macrophages,
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epithelial cells, and osteoblasts®*?

, 1s arguably the best characterised inflammasome to
date’”. For the NLRP3 inflammasome to become activated, two major events must
occur. Firstly, cells need to be primed (Signal I). Typically, this occurs through the
activation of TLR4** which leads to the activation of NF-xB, and the subsequent
transcription of the inactive precursors of the inflammatory cytokines, IL-1p and IL-18
(prolL-1B and prolL-18, respectively)**>: 246:248. 249 (Figyure 5.1 A). This priming event

also increases the rate of transcription and translation of NLRP324%246. 249

In its resting state, NLRP3 exists in a monomeric form (Figure 5.1 B), which
renders it inactive. A second trigger (Signal II), typically associated with cellular
damage or stress (Figure 5.1 C), induces the oligomerisation of NLRP3 in the NACHT
domain, yielding a multi-protein, high molecular weight complex that comprises the
functional inflammasome (Figure 5.1 D)**!> 243 245 The assembly of the NLPR3
inflammasome complex brings pro-caspase-1 molecules into close proximity, allowing
auto-catalysis to occur, which releases the activated form of caspase-1 (Figure 5.1 E).
Caspase-1 then cleaves prolL-1p and prolL-18 (Figure 5.1 F), which is required for the
activation and extracellular release of these cytokines. The secretion of active IL-1 by
cells, is widely accepted to represent the end point of the process of NLRP3

inflammasome activation?*!- 248250,
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Figure 5.1 NLRP3 activation pathway. The first trigger (Signal I) required for NLRP3
activation is a priming event (A) that consists of LPS-induced activation of TLR4,
which stimulates the production of prolL-1B, prolL-18, and enhances NLRP3
expression levels, via a MyD88/NF-kB dependent pathway?*> 246 248 299 " Inactive
monomeric NLRP3 (B) contains a HSP90/SGT1 motif that acts as a chaperone
molecule (which stabilises NLRs allowing their accumulation whilst simultaneously
preventing aggregation). HSP90/SGT1 dissociates (C) upon the presence of cellular
damage/stress signals (Signal I1)>*!: 243 251:252 Thjg causes apoptosis associated speck
like protein (ASC)** recruitment and enables the oligomerisation of available NLRP3
monomers into a complex that comprises the functional NLRP3 inflammasome (D).
The presence of ASC adaptor proteins in this complex mediates pro-caspase-1
recruitment (D). Subsequent autocatalysis of the associated pro-caspases-1 leads to
caspase-1 activation (E), consequent prolL-1f and prolL-18 cleavage, and release of the

biologically active forms of IL-1f and IL-18 (F)?*!-248,
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An increasing number of diverse signals have been identified as activating
factors for the NLRP3 inflammasome. Initially, it was suggested that the sole trigger
was the efflux of potassium ions and influx of calcium ions, due to a compromised

)?33. However, further research has identified multiple

cellular membrane (Figure 5.1 C
alternative events that can also deliver this second signal®**, these include the release of

mitochondrial reactive oxygen species (ROS)*’ and lysosomal dysfunction®!°.

The uptake of large, endogenous, host-derived, damage-associated molecules
and environmental irritant aggregates, such as crystals (including mono sodium urate
[MSU], silicon dioxide nanoparticles [Nano-SiO2] and aluminium salts [ALUM)]), has
been directly associated with lysosomal swelling. This process eventually leads to
destabilisation of the lysosome, and subsequent release of active cathepsin B into the

cytoplasmic region, which induces the activation of the NLRP3 inflammasome?!% 23%

235,245,288 1t is widely accepted that the release of hydrolases into the cytosol, as

opposed to the actual rupture of lysosomes, directly activates the inflammasome?'% 23%

240 Indeed, inhibition of either cathepsin B activity or lysosomal acidification prevents
the activation of NLRP3, even if lysosomal rupture does occur, suggesting that the
released cathepsin B must be enzymatically active to perform its role in activating the

inflammasome.

The lysosomal-associated pathway of NLRP3 activation described above
contributes towards the development of several disease pathologies, including
atherosclerosis (characterised by the aggregation of cholesterol crystals®**), Alzheimer’s
disease (via amyloid beta accumulation in microglia lysosomes®**), gout and
pseudogout (via aggregation of monosodium urate [MSU] crystals?!® 240 25%) " and
silicosis (with accumulation of silicon dioxide crystals?!?). Therefore, exploring the
possibility that FRHDM-1 may interfere with lysosomal-associated NLRP3 activation

may represent a putative therapeutic application for inflammatory diseases that involve

NLRP3 inflammasome action.
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5.2.  Specific methods

5.2.1. FHHDM-1 EFFECTS ON NLRP3 INFLAMMASOME ACTIVATION

5.2.1.1. NLRP3 ACTIVATION
BMDMs from BALB/c mice (Section 2.2.3.1.) were plated in 6 well plates

(2.5x10° cells per well). Duplicate wells (i.e. 5x10° cells in total) were used per sample
treatment. Cells were primed by incubation with LPS (500ng/mL) in media (with
equivalent volumes of PBS in media for vehicle control samples) for 3h at 37°C/5%
CO2%!°. Cells were then washed twice with PBS (RT) and incubated with FhHDM-1 at
concentrations of 2.5, 5, 10, and 25uM (corresponding to 20, 40, 80, and 200pug/mL,
respectively) in media, for 1h at 37°C/5% COaz. After this time, cells were washed twice
with PBS (RT) and incubated with the NLRP3 inflammasome activators: silicon dioxide
nanoparticles (Nano-SiO2) (Invivogen) for 6h, or aluminium crystals (ALUM)
(Invivogen) O/N at a concentration of 500pug/mL in Opti-MEM reduced serum medium
(Life Technologies).

Primary human macrophages (Section 2.2.3.2.), were plated into 96 well plates
(2x10° cells per well in triplicate) and treated as described above for LPS primed,
ALUM mediated NLRP3 activation, using FhHDM-1 at a concentration of 15uM
(equivalent to 120pg/mL).

5.2.1.2. CYTOKINE DETECTION BY ELISA

Supernatants of NLRP3 activated cells (300puL/sample) were collected and
stored at -20°C. Mouse and human IL-1B (BD OptEIA, California, USA) and mouse
TNF (BD OptEIA) were assayed by ELISA, and protocols were performed according to

manufacturer’s recommendations (Section 2.5).

5.2.1.3. DETECTION OF ACTIVATED IL-1B AND CASPASE-1 BY WESTERN BLOT

After the completion of ELISAs, the remaining supernatants (~4.5mL) were
collected and stored at -20°C for protein precipitation. Adherent cells for each sample
treatment were washed twice with PBS (RT), removed by scraping, and pelleted into
single eppendorf tubes. Cell lysates were prepared by resuspending pellets in lysis
buffer solution (10uL of radioimmunoprecipitation assay [RIPA] buffer [Sigma] per
1x10° cells plus Halt protease inhibitor cocktail [Thermo Scientific, Massachusetts,

USA] diluted 1/100 in RIPA buffer), and then incubating cells at 4°C for 30 min. This
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was followed by centrifugation (16100g, 4°C for 15min). Supernatants were transferred
to new eppendorf tubes, and, if not immediately used, stored at -20°C. Samples were
prepared for western blotting by dilution in 4x loading dye (Life Technologies) to
achieve a Ix solution containing a 1/25 dilution of 1M DTT (Life Technologies),
followed by boiling at 95°C for Smin.

5.2.1.3.1. TCA supernatant protein precipitation

A 100% (w/v) working solution of trichloroacetic acid (TCA) (Sigma) was
freshly prepared. To each sample, a volume of TCA (corresponding to 10% of total
volume) was added and samples were incubated at 4°C for 2h in a spinning wheel.
Pellets were collected by multiple rounds of centrifugation (20,000g for 15min, 4°C),
pooled into a single eppendorf tube for each sample treatment, and washed twice with
500uL of ice-cold acetone. Supernatants were discarded and pellets were dried on a hot
plate at 85°C to remove any residual acetone. Each pellet was re-suspended in 25-30pL
of Ix NuPAGE® lithium dodecyl sulphate sample buffer (Life Technologies)
containing a 1/25 dilution of 1M DTT. Samples were heated at 85°C for Smin, vortexed,
and re-heated for Smin. If gel electrophoresis was not performed immediately, then

samples were stored at -20°C until used.

5.2.1.3.2. Gel Electrophoresis

Samples (precipitated proteins and cell lysates) were centrifuged (16100g for
Smin). Pre-stained Protein Standards-See Blue® Plus 2 (Life Technologies; 8uL) and
samples (<18uL per well) were loaded on NuPAGE® Novex® 4-12% Bis-Tris mini
gels (Life Technologies), and run using NuPAGE® MES SDS running buffer (Life
Technologies), diluted from 20x to 1x in ddH>O, for 30min at 200 V.

5.2.1.3.3. Western Blotting

Protein transfer was performed using an iBlot and nitrocellulose transfer stacks
(Life Technologies), following the manufacturer’s instructions. Protein transfer was
confirmed by staining the membranes with 0.1% Ponceau S/5% acetic acid (up to
10min or until protein bands were visible). Membranes were destained with ddH»O, and
blocked for 30min/RT in blocking solution (1% BSA/0.1% Tween/1x TBS) with
rocking. This was followed by incubation (O/N at 4°C) with primary antibodies: anti-
actin antibody (1/100, 1h) (Sigma) for lysate samples and anti-IL-1 (1/500, 3h)
(Biovision), or anti-caspase-1 pl10 (1/200, O/N used for pro-caspase-1 and active
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caspase-1 detection) (Santa Cruz) for supernatant precipitated proteins. Membranes
were then washed twice using 0.1% Tween 20/1x Tris Buffer Saline (TBS) followed by
incubation with anti-rabbit IgG-whole molecule-peroxidase secondary antibody (diluted
1/10000 in blocking solution, 45min, RT) (Sigma). Membranes were incubated with
peroxidase substrate-1 solution (Sigma) for 1min before excess solution was removed,

and membranes were then imaged using a Chemidoc (Bio-Rad).

5.2.2. ASC SPECK FORMATION

ASC cells (kindly donated by Dr Hornung, University of Bonn, Germany), which
stably express high levels of cerulean-tagged ASC and NLRP3-Flag, were seeded at a
density of 2.5x10° per well into 4 well culture slides (In Vitro Technologies, Lane Cove
West, Australia), and allowed to adhere O/N. Appropriate samples were incubated with
FhHDM-1 (15uM; equivalent to 120pug/mL) for 1h at 37 °C/5% COa. Cells were
washed twice with PBS (RT), and then incubated with Nano-SiO> (200pg/mL) for 1, 2
or 3h. Samples were washed twice with PBS (RT), fixed for 30min with 4% w/v PFA,
washed, and chambers were then removed. Slides were mounted with progold antifade
and coverslipped, following the manufacturer’s recommendations (Life Technologies).
Dr Mansell and Ms Pinar (Monash University, Australia) completed the microscopic
determination of speck formation in a blinded analysis. Ten fields of view were
collected per sample treatment, with each field of view containing approximately 100

cells.

5.2.3. FHHDM-1 EFFECTS ON LYSOSOMAL INTEGRITY

5.2.3.1. LYSOSOMAL STABILITY

5.2.3.1.1. DQ Ova compartmentalisation

The method used was modified from Hornung, et al.?!°. BMDMs from BALB/c
mice were plated into 35mm fluoro-microscopy dishes (1x10° cells per dish) and
allowed to adhere O/N at 37°C/5% CO.. Each sample treatment was staggered to allow
immediate live cell imaging, thereby minimising times for cell damage and/or loss of
fluorescence to occur. Appropriate samples were incubated with FhHDM-1 (15uM) at
37°C/5% CO2 for 1h. Cells were washed twice with PBS (RT) and 10pug/mL DQ
Ovalbumin (Life Technologies) alone, or DQ Ovalbumin in combination with ALUM
(500pg/mL) were added, when appropriate, and cells were incubated for 1h at 37°C/5%
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COs. Cells were washed twice with PBS (RT) and 1mL of RPMI phenol free media
(Gibco® Life Technologies) was added prior to imaging using a Nikon A1l confocal

microscope.

5.2.3.2. CATHEPSIN B ACTIVITY

BMDMs from BALB/c mice were plated into 35mm fluoro-microscopy dishes
(1x10° cells per dish), and allowed to adhere O/N at 37°C/5% CO,. Each sample
treatment was staggered to allow immediate live cell imaging to minimise cell damage
and/or loss of fluorescence. Appropriate samples were incubated with FhHDM-1
(15uM) for 1h at 37°C/5% COa. Cells were washed twice with PBS (RT), ALUM
(500pg/mL in media) was added to appropriate samples, and cells were incubated for 3h
at 37°C/5% COa. Cells were washed twice with PBS (RT) and stained using the CV-
Cathepsin B detection kit (Enzo Life Sciences, Farmingdale, USA). Briefly,
macrophages were incubated with 1xCV-(RR») reagent in media for 1h at 37°C/5% CO
for detection of cathepsin B activity, following the manufacturer’s recommendations.
Cells were then washed three times with PBS (RT) and incubated with 0.5% v/v
Hoechst dye (37°C/5% CO: for 10min) to enable detection of the nucleus. Samples
were then washed twice with PBS (RT) and ImL of RPMI phenol free media was added

(Gibco® Life Technologies) prior to imaging with a Nikon A1 confocal microscope.
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5.3. Results

5.3.1. FHHDM-1 INHIBITS LYSOSOMAL-DEPENDENT NLRP3 ACTIVATION

5.3.1.1. FHHDM-1 REDUCES NLRP3 INFLAMMASOME ACTIVATION BY ALUM

The activation of the NLRP3 inflammasome by particulate signals is dependent
upon the acidification of lysosomes. FIHDM-1 was shown to exert a direct impact upon
the lysosomal-related functions of macrophages (Chapter 4). Therefore, the effects of
FhHDM-1 on the activation of lysosomal associated NLRP3 within primary murine
macrophages (BALB/c BMDMs) was investigated. Firstly, macrophages were primed
with LPS (500ng/mL) for a period of 3h*!%. Subsequently, cells were treated with
increasing concentrations of FhHDM-1 (2.5-25uM) for 1h prior to NLRP3
inflammasome activation using ALUM in an O/N incubation. ALUM was chosen as an
activating signal as these crystals induce lysosomal disruption, leading to subsequent
leakage of the active luminal contents, which causes NLRP3 inflammasome

activation®'”.

Initially, to assess NLRP3 activation, the secretion of IL-1B from cells was
quantified by ELISA (Figure 5.2 A). Treatment of LPS primed macrophages with
FhHDM-1, prior to exposure of cells to ALUM, significantly decreased (p<0.0001) the
secretion of IL-1p, in a concentration-dependent manner. However, the use of an ELISA
for the detection of IL-1P does not distinguish between the presence of active and
precursor forms of the cytokine. This distinction is important as NLRP3 activation
induces the formation of active IL-1p from its inactive pro-form through cleavage by
caspase-12*1> 248 Therefore, the total proteins present in the culture supernatants were
precipitated and analysed by western blotting using antibodies specific for the active
form of IL-1p (17kDa) (Figure 5.2 D). Western blotting also allowed the detection of
both precursor (45kDa) and active (10kDa) forms of caspase-1 within the cell lysates.
The use of an actin-specific antibody confirmed that equal quantities of proteins were
both extracted from the cells and supernatants, and loaded onto gels, therefore allowing
direct comparison of protein expression levels between different treatments. Using this
methodology, it was found that treatment of BMDMs with FhnHDM-1 resulted in a
concentration-dependent reduction in the secretion of active IL-10, which corroborated

the ELISA data. In addition, treatment of BMDMSs with FhHDM-1 also reduced the
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activation of caspase-1, which correlated with the observed decrease in the levels of
active IL-1pB detected, and suggested that inhibition of the NLRP3 inflammasome had

occurred.

Co-incubation of primary human macrophages with the combination of LPS and
ALUM induced the secretion of IL-1B, as detected by ELISA (Figure 5.2 C). LPS
priming alone was not sufficient to induce IL-1p secretion, which confirms that its
secretion is specific to the activation of the NLRP3 inflammasome. In agreement with
the studies using murine BMDMs, the concentration of IL-1 in culture supernatants
was significantly reduced (p<0.001) for primary human macrophages that were primed

with LPS and treated with FhHDM-1 prior to ALUM stimulation.

5.3.1.2. FHHDM-1 REDUCES NLRP3 INFLAMMASOME ACTIVATION BY NANO-
S10,
To further confirm that FhHDM-1 was inhibiting lysosomal-associated

activation of NLRP3, an alternative lysosomal destabilising agent was used to activate
the NLRP3 inflammasome. The same experimental approach was applied, but in this
instance Nano-SiO2, as opposed to ALUM, was used as the second activation trigger.
BMDMs from BALB/c mice were primed and exposed to increasing concentrations of
FhHDM-1, prior to incubation with Nano-SiO; (500ug/mL) for 6h (the incubation time
used was shorter due to the stronger potency of Nano-SiO as compared to ALUM?!?).
Again, the secretion of IL-1p was quantified using ELISA (Figure 5.2 B), and levels of
activated IL-1p and caspase-1 were analysed by western blotting (Figure 5.2 E). Similar
to the results obtained for the cellular activation of BMDMs using ALUM, FhHDM-1
treatment of macrophages significantly reduced the activation and secretion of IL-1[3
(p £0.05) as well as caspase-1 cleavage, in a concentration-dependent manner,
suggesting that FNHDM-1 reduced NLRP3 inflammasome activation normally induced
by Nano-SiO;.
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Figure 5.2 FhHDM-1 reduced NLRP3 inflammasome activation induced by
lysosomal destabilising agents. BALB/c BMDMs (A, B, D & E) or human primary
macrophages (C), were primed with LPS and incubated with FhRHDM-1 (at increasing
concentrations) prior to ALUM (A, C & D) or Nano-SiO», denoted as SiO,, (B & E)
induced NLRP3 inflammasome activation. Supernatants were assayed for IL-1p by
ELISA (A-C). Statistically significant differences were determined by ANOVA
followed by Dunnett’s test, using the respective LPS + destabilising agent samples as
control (*, p<0.05; =+, p<0.01; =+, p<0.001; =+, p<0.0001). Supernatants of BALB/c
BMDMs were also subjected to protein precipitation and cleaved (active) IL-1B, pro-
caspase-1, or active caspase-1 (p10) were detected by western blotting (D & E). Actin
was used as the protein loading quantification control. The presented data is
representative of two individual experiments and for the ELISAs (A-C), IL-1B

concentrations are expressed as the means of triplicate samples +/- SEM.
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5.3.2. FHHDM-1 PREVENTS NLRP3 DEPENDENT ASC OLIGOMERISATION

NLRP3 activation results in the recruitment of ASC proteins and subsequent
NLRP3 oligomerisation. This, in conjunction with ASC self-induced recruitment
amplification, stimulates the aggregation of all the ASC proteins within the cell to a
single subcellular location, a process that is referred to as ‘ASC speck’ formation. ASC
proteins can then act as adaptors for inflammasome/pro-caspase-1 interactions, thus
enabling the activation of the latter to occur by autocatalysis (Figure 5.1 E)*¥.
Therefore, to confirm that FhRHDM-1 was inhibiting the formation of inflammasome
complexes, and preventing the generation of active capase-1 as a consequence, ASC
recruitment was assessed**!: 243, For these experiments, a macrophage cell line, which
stably expresses a cerulean-tagged ASC was utilised. These cells can be used to analyse
the formation of ASC oligomers, or ‘specks’, by microscopy, as a parameter that
directly reflects the capacity of cells to respond to the activation signal®** 26, In
addition, this cell line has been engineered to express high levels of the nlrp3 gene,
which negates the need to include an agent to deliver a priming signal®*°. Therefore, in
this system, any effect induced by FhHDM-1 would be attributed directly to the
activation of NLRP3 inflammasome, as a consequence of lysosomal destabilisation

events.

ASC cells were incubated with FhRHDM-1 (15uM) for 1h prior to activation
with Nano-SiO; (200ug/mL) for periods of 1, 2 or 3h. Activation using ALUM could
not be tested since it is not potent enough to drive visible formation of specks in this cell
line. Different time points, for Nano-SiO; induced activation were used to determine an
optimal time period for speck formation and detection, whilst maintaining cell viability.
An incubation period of 3h allowed for optimal speck formation in positive controls
(Figure 5.3 D). Longer incubation times and increased Nano-SiO: concentrations
induced unacceptable levels of cellular damage and/or pyroptosis (caspase-1 mediated
cell death) which resulted in extensive cell loss, thus preventing further analysis by
microscopy. In the absence of inflammasome activation, evenly distributed, low
intensity cytoplasmic fluorescence was observed. In contrast, cells that were treated
with Nano-SiO», and developed ASC specks as a result, possessed foci of intense
fluorescence that, at the presented resolution, appeared as very bright cells

(distinguished by red arrows in Figure 5.3 A-C). The abundance of cells with specks
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was significantly reduced in samples that were pre-treated with FhHDM-1, followed by
a 3h incubation period with Nano-SiOz (p<0.001). These data suggest that FhHDM-1
interfered with NLRP3 oligomerisation and ASC recruitment, thereby exerting an

inhibitory effect on NLRP3 activation events that occurred downstream of priming.
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Figure 5.3 FhHDM-1 reduced ASC speck formation. BMDMs from BALB/c mice
were pre-treated with FhHDM-1 (15uM) for 1h prior to NLRP3 inflammasome
activation, via incubation with Nano-SiO> (200ug/mL) for 3h. Representative images
(black and white versions) of speck formation, as detected by fluorescent microscopy,
of untreated control (A), Nano-SiO; treated (positive control) (B), or pre FhHDM-1
incubated cells (test sample) (C). Graphic representation is provided (D) for the number
of specks detected per field of view (total 10 fields per sample treatment) and
statistically significant differences were determined by t-tests (++, p<0.01; *=+, p<0.001).

The presented data reflects the results of three individual experiments.
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5.3.3. EFFECTS OF FHHDM-1 ON LYSOSOMAL INTEGRITY AND STABILITY AFTER

ALUM-INDUCED INFLAMMASOME ACTIVATION

Both ALUM and Nano-SiO» activate the NLRP3 inflammasome in a process
that is characterised by initial lysosomal swelling, followed by disruption of this
organelle, which leads to leakage of lysosomal contents into the cytoplasmic region®!°.
Given that all the data thus far indicated that FnHDM-1 was preventing lysosomal-
dependent activation of NLRP3, the association between FhHDM-1 inhibition of
lysosomal acidification and NLRP3 activation was further investigated. To assess
lysosomal integrity, BMDMs from BALB/c mice were either untreated or pre-incubated
with FhHDM-1 (15uM) for 1h prior to incubation with DQ Ovalbumin (DQOva;
10pug/mL), alone or in combination with ALUM (500png/mL), for 1h. In this case,
ALUM was selected as the activating signal because its effects are sufficiently mild to
induce lysosomal swelling without disruption, when short incubation times are
employed. Levels of processed DQOva, detected as green fluorescence, were decreased
after pre-incubation with FnHDM-1 (Figure 5.4 C), but the dispersed, finely punctate
distribution of the DQOva only control was maintained (Figure 5.4 B), indicative of
vesicular containment of the processed molecule. In contrast, incubation of
macrophages with DQOva/ALUM (Figure 5.4 D) caused lysosomal swelling, observed
as enlarged foci of fluorescence. Pre-incubation of macrophages with FhHDM-1, prior
to DQOva/ALUM treatment, did not prevent lysosomal enlargement/damage resulting
from ALUM accumulation in this organelle, but the intensity of the overall detected

fluorescence was reduced (Figure 5.4 E).

The observed changes in fluorescence intensity could be a consequence of
decreased acidification in lysosomes, induced by FhHDM-1 treatment, which
modulated the ability of macrophages to process DQOva (Chapter 4). Since NLRP3
activation induced by ALUM has been attributed to the lysosomal leakage of cathepsin
B in particular, these changes in acidification may have prevented cathepsin B
activation. To assess this, levels of cathepsin B activity were assessed using the CV-
cathepsin B detection kit, which contains the highly permeable reagent, CV-RR2, which
consists of two arginine-arginine moieties that are conjugated to the fluorophore, cresyl
violet. This double linkage to arginine (the substrate for cathepsin B) renders the

fluorophore non-fluorescent. However, upon cathepsin B mediated cleavage, the
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removal of a single or both arginine residues results in the emission of fluorescence by
the liberated cresyl violet, which is directly proportional to cathepsin B activity®’.
Accordingly, BMDMs from BALB/c mice were left untreated or pre-treated with
FhHDM-1 (15uM) for 1h, prior to incubation with ALUM (500pug/mL) for 3h, to allow
lysosomal destabilisation to occur, prior to staining with CV-RR> (for 1h) and live cell
confocal microscopy analyses. The emitted signal (green fluorescence in Figure 5.5)
decreased in intensity upon pre-incubation with FhHDM-1 (Figure 5.5 C), as compared
to control levels observed in untreated cells (Figure 5.5 B). Incubation with ALUM
alone (Figure 5.5 D) caused a more profound decrease in fluorescence intensity. This
observation was likely attributable to the leakage of lysosomal contents into the cytosol,
which would not only distribute the fluorescence across a larger surface area (thereby
dispersing fluorescence foci, and thus reducing the intensity per unit area), but would
also expose cathepsin B to a neutral cytoplasmic pH, which would decrease its
enzymatic activity. Pre-incubation with FhRHDM-1 prior to ALUM treatment (Figure 5.5
E) further reduced cytosolic fluorescence to almost undetectable levels, which is likely
reflecting a combination of reduced cathepsin B activity and its leakage into the cytosol.
Collectively, this data suggested that FhHDM-1 did not protect lysosomes from
becoming destabilised by ALUM treatment, but it did induce a reduction in cathepsin B

activity.
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Figure 5.4 FhHDM-1 does not prevent the lysosomal destabilisation induced by ALUM. Live cell confocal microscopy images of BMDMs
from BALB/c mice that were: untreated (A), incubated with 10pug/mL DQ Ovalbumin (DQOva) (B) as positive control of intact lysosomes, pre-
incubated with FhRHDM-1 (C & E) at 15uM for 1h followed by incubation with 10pg/mL DQ Ovalbumin alone (C), or in combination with
500pug/mL ALUM (E) for 1h. Samples where cells were incubated with DQOva/ALUM (D) were also included. Detection of DQOva processing,
observed as green fluorescence, was utilised to assess lysosomal integrity (Scale bar: Sum). Images are representative of four fields of view per

sample treatment and the experiment was performed twice.
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Figure 5.5 FhHDM-1 treatment of macrophages reduced cathepsin B activity. Live cell confocal microscopy images of BMDMs from
BALB/c mice that were: untreated (A & B), or pre-incubated with FRHDM-1 (C & E) at 15uM for 1h followed by incubation with 500pg/mL
ALUM (D & E) for 3h. Levels of cathepsin B activity were detected by staining cells (B-E) with the reagent CV-RR>, which was observed as
green fluorescence. Cell nuclei were detected by Hoechst staining and can be observed as blue fluorescence. (A) Corresponds to unstained

control. (Scale bar: 5pm). Images are representative of four fields of view per sample treatment and the experiment was performed twice.
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5.3.4. ErFrECTS OF FHHDM-1 ON LPS PRIMING

Thus far, the presented NLRP3 inflammasome regulation data is consistent with
the lysosomal localisation of FRHDM-1, and its ability to inhibit the acidification of this
organelle. However, to further confirm the specific action of FhRHDM-1, its effect on the
LPS priming event (Signal I) was assessed. The hypothesis being that inhibition of
lysosomal acidification is secondary to the priming of cells, and, therefore, FhRHDM-1,
if specifically targeted to the lysosome, would exert no effect on the LPS activation of
macrophages. To investigate this, the cell supernatants collected from macrophages
previously exposed to ALUM or Nano-SiO; were analysed for TNF secretion by
ELISA. Production of this cytokine occurs as a direct response to TLR4 signalling by
LPS and is independent of alterations to, or deletion of, nlrp3 gene expression or

inflammasome activation?>%-2¢0

. As expected, priming of macrophages with LPS
(positive controls) led to increased TNF secretion (LPS plus destabilising agent-treated
samples in Figure 5.6). However, the addition of FhRHDM-1 resulted in a significant
reduction in the levels of secreted TNF, as compared to the positive controls, in a
concentration dependent manner (at the lowest concentrations of FhHDM-1 used
p<0.05 for ALUM and Nano-SiO; samples) and independent of the lysosomal
destabilising agent employed. These data indicate that FhHDM-1 may also be

preventing the optimal priming of macrophages, and therefore inhibiting the activation

and secretion of IL-1pB by two regulatory mechanisms.
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Figure 5.6 FhHDM-1 reduced LPS priming efficiency in macrophages.
Supernatants of BMDMs from BALB/c mice primed with LPS and incubated with
FhHDM-1 (at increasing concentrations) prior to ALUM (A) or Nano-SiO; (B) induced
NLRP3 inflammasome activation were analysed for TNF secretion by ELISA. The
presented data is representative of two individual experiments. TNF concentrations are
expressed as the means of triplicate samples +/- SEM. Statistically significant
differences were determined by ANOVA followed by Dunnett’s test, using the
respective LPS + destabilising agent samples as control (x, p<0.05; **, p<0.01; **=,

p<0.001; *=+=, p<0.0001).
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5.4. Discussion

Taken together, the presented data provides further evidence that FhHDM-1
targets the macrophage lysosome and impairs the functionality of this organelle. The net
result is that lysosomal proteases are prevented from becoming fully activated, due to an
inability to maintain optimal acidification within the lysosomal lumen. When released
into the cytosol, following lysosomal rupture (induced by ALUM and Nano-SiO,), these
inactive proteases fail to stimulate the recruitment of ASC, and consequently,
oligomerisation of NLRP3 is prevented. This, in turn, reduces the activation of caspase-
1, and thus prevents the activation and secretion of the pro-inflammatory cytokine, IL-
1B. This finding is in agreement with other reports that vATPase inhibitors (such as
bafilomycin A) or cathepsin B inhibitors (such as CA-074-Me) prevent NLRP3
inflammasome activation, stimulated by the presence of lysosomal disruptive agents

(such as Nano-Si0Oy)?!'% 248,254,

However, the demonstration that FhRHDM-1 also inhibited the priming event
required for NLRP3 activation was an unexpected finding. Previous studies have
reported that FRHDM-1 can bind to LPS and prevent its interaction with TLR4, thereby
reducing its ability to stimulate macrophages''>. Also, it has been shown that pre-
incubation of macrophages with FnRHDM-1, and other cathelicidin peptides, prior to
LPS challenge, significantly reduced the secretion of TNF by macrophages'?> '3,
However, neither of these effects is likely to be the mode of action in this case, as
FhHDM-1 exerted a significant inhibitory effect when co-incubated with macrophages
3h after LPS exposure (a time point at which LPS would have already been

incorporated and removed).

It has been reported that the mammalian cathelicidin peptide, LL-37, inhibited
the production of TNF when murine macrophages were stimulated simultaneously with
a combination of LPS and IFNy?®!. Of relevance to the current study, this inhibitory
effect was also observed when LL-37 was added 3h after LPS/IFNy treatment, albeit the
inhibitory effects were less pronounced than those observed after concurrent exposure.
In addition, it was found that the presence of LL-37 significantly decreased the
transcriptional expression levels of TNF (by 87%), although the specific mechanism(s)

of this inhibition was not investigated®®!. While the priming signal in this case is
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different to the one used in the current study, the observed reduction in TNF
transcription levels correlates with the decrease in quantities of TNF detected by ELISA

in cells treated with FRHDM-1 3h after exposure to LPS.

Studies using THP-1 monocytes have shown that after LPS stimulation, LL-37
inhibited the translocation of NF-kB (p50/p65) to the nucleus, which would negatively
impact the transcription of TNF!*. In addition, simultaneous, as well as pre-incubation
with the murine cathelicidin peptide, CRAMP, reportedly inhibited the expression
levels of TNF induced by TLR agonists in murine macrophages. CRAMP prevents the
phosphorylation of p38 and ERK mitogen-activated protein kinases (MAPKs)?*?, which
ultimately decreases the stability of TNF mRNA transcripts®®’. Furthermore, treatment
of macrophages with CRAMP prevented the ability of LPS to induce increased
expression levels of the TLR4 adaptor protein, MyD88, and thus inhibited the

downstream signalling pathway?®2,

It has been recently reported that inhibition of lysosomal acidification
suppressed NLRP3-mediated release of IL-1p from macrophages, and the levels of pro-
IL-1B (following LPS priming) were significantly reduced after treatment with either
bafilomycin A or NH4CI (both inducers of lysosomal alkalisation)?**. It was proposed
that macrophage acidic calcium stores are dependent upon the acidification of
lysosomes. Therefore, by depleting these stores, the transcripts for IL-13 were unstable,
and, as a result, the levels of pro-cytokine were reduced; although in this case TNF and
NLRP3 mRNA levels remained unaltered?®*. These data suggest that the reduction in
IL-1pB secretion observed in response to FhRHDM-1 treatment may be attributable to a
reduction in the levels of pro-IL-1B, due to the induced inhibition of lysosomal
acidification. However, the additional reduction in TNF secretion indicates that
FhHDM-1 is likely also acting to regulate the TLR4 signalling pathway, and thus inhibit
the induction of pro-IL-1p expression normally stimulated by LPS.

All inflammasomes share some commonalities with NLRP3, including ASC
aggregation (although not essential for NLRC4%*!: 2%2)  caspase-1 activation, and
subsequent release of active IL-1B and IL-1824!:247-248.265 The Jack of constitutive pro-
IL-B expression in most cell types ensures that the inflammasome-mediated maturation
of IL-1pB is dependent upon the priming event, which induces transcription of pro-IL-
248 260. 266 Therefore, if FKNHDM-1 is inhibiting the priming event required for the
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induction of IL-1P precursor transcription, it would be expected that FhHDM-1 would
be able to globally inhibit the full range of inflammasome complexes and signalling
factors. It would be valuable to further assess the impact of FhHDM-1 on other
inflammasome types and to determine if FnHDM-1 alters expression levels of TNF,
prolL1-B, and NLRP3 by performing expression analyses at mRNA and protein levels,
since their transcription is regulated by priming?*® 2*¥. If changes in the expression
levels of these transcripts were identified, then it would be relevant to investigate the
TLR signalling pathways in more depth in order to identify the specific targets of
FhHDM-1. Additionally, inducing priming events with the use of other TLR4 ligands,
such as TNF, CpG or IL-18%**, would indicate if the effects observed for FRHDM-1 are
specific to LPS priming of macrophages or if instead FhHDM-1 targets a common

downstream molecule irrespective of the priming ligand used.

Despite commonalities in the suppression of LPS-mediated inflammatory
responses, there are conflicting reports on the impact of cathelicidin-like peptides on the
inflammasome complexes. For example, it has been reported that LL-37 alone acts as
the second signal for inflammasome activation, via its interaction with P2X7 receptors
(involved in ATP-induced NLRP3 inflammasome activation), thus stimulating the
secretion of mature IL-1B'*. Similarly, protegrins (porcine cathelicidins) have also been
reported to stimulate IL-1B posttranslational processing, via the P2X7 receptor’®’.
However, contrary to these observations, incubation of primed macrophages with the
porcine cathelicidins, PR-26 and PR-39, does not cause IL-1p secretion, that is, they do
not act on their own as inflammasome activating (Signal II) agents®®’. Similar results
were found for FhHDM-1, where ELISA analysis of peptide treated macrophage
supernatants resulted in undetectable levels (Opg/mL) of secreted mature IL-1p,
regardless of the concentration of FhnHDM-1 used. Structural characteristics do not
seem to be associated with this property, given that, unlike LL-37 and FhHDM-1, which
both adopt a-helical structures in solution, protegrins are characterised by [-sheet
conformations. Furthermore, in the case of both PR-26 and PR-39, these cathelicidins
lack both a-helical and B-sheet structural conformations?®’. Therefore, it is likely that
the downstream effect of these cathelicidins may be associated with their cellular

localisation and/or interactions with their ligands.
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NLRP3 activation, associated with lysosomal disruptive agents, contributes to
the development of several pathologies, including atherosclerosis®* 2%, Alzheimer’s
disease?**, gout/pseudogout?®!® 240 255 and silicosis?!?. Enhanced NLRP3 activity has
also been associated with multiple inflammatory disorders, including contact

hypersensitivity?®

, and the cryopyrin-associated periodic syndromes (CAPS)**.
Furthermore, although autoimmune diseases are not directly caused by inflammasome
activity, their progression might be indirectly dependent upon these complexes, due to
the roles for IL-1p and IL-18 in the development of Th1l and Th17 immune responses*,
which underpin the development of autoimmune/inflammatory disorders. This premise
is supported by observations that a deficiency of NLRP3 results in reduced IL-18
secretion and delayed progression of experimental autoimmune encephalitis (a murine
model of MS)*”°. During progression of Type II diabetes (a disease with an
inflammatory profile), there is an accumulation of human islet amyloid polypeptide
(IAPP) aggregates within the pancreatic islets, which are internalised by resident
macrophages (the priming of which is suggested to be regulated by glucose
metabolism), causing activation of NLRP3 inflammasomes. This activation is
dependent upon phagolysosomal internalisation, cathepsin B activity, vATPase and
caspase-1 function’’!. The resultant IL-1B secretion has been recognised to drive
pancreatic beta cells to undergo apoptosis>’> 2’3, Therefore, the ability of FnHDM-1 to
inhibit the NLRP3 (and potentially other) inflammasomes suggests that it may hold

great promise as an immune modulatory therapeutic.
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CHAPTER 6 GENERAL DISCUSSION

The current study investigated the mechanisms by which a peptide secreted by
the helminth parasite, Fasciola hepatica, modulated the biological activity of
macrophages. This peptide, termed FhHDM-1, shares both structural and biochemical
similarities with the cathelicidins, which are a major subset of host defence peptides
(HDPs), naturally expressed in mammals. FhRHDM-1 was found to exert its regulatory
functions by modulating lysosomal-mediated activity in macrophages. The initial
interaction between FhnHDM-1 and the lipid raft subdomains on the plasma membrane
of these cells, made it possible for the peptide to be actively endocytosed, which
culminated in its delivery to endolysosomes. Within these vesicles, FhHDM-1
prevented optimal luminal acidification, which resulted in a negative impact upon
lysosomal dependent macrophage functions, including their ability to process and
subsequently present antigen to T cells, as well as causing a decrease in cathepsin B-

mediated NLRP3 inflammasome activation.

The current study is the first to report that cathelicidin-like peptides are
internalised by macrophages, via an active process, and are targeted to endolysosomal
vesicles. After localisation of FhHDM-1 to this subcellular region, a reduction in
endolysosomal acidification was observed. Again, this effect had not been previously
attributed to the mechanism(s) of action of a cathelicidin-like peptide. Although the
mechanism of this inhibition was not fully determined, the data obtained suggested that
the immune modulatory effects of FhHDM-1 were attributable to either a direct
inhibition of vATPases, or an inhibition of the maturation of acidified vesicles.
Interestingly, macrophages exposed to the secreted products of the cercariae of the
helminth parasite, S. mansoni, reportedly displayed a retarded rate of phagosome
maturation, as compared to that observed for macrophages that internalised E. coli*’*.
Therefore, it is possible that a component of the S. mansoni secretions could have an
analogous function to that of FhHDM-1, which would explain the described retarded
rate of phagosome maturation. Previous proteomic analysis of the secreted products of
S. mansoni cercariae had identified a peptide, termed Sm16, which has more recently
been defined as a structural homologue to FhHDM-1!3> 27 276 Altogether, these

observations support the hypothesis that HDM-like peptides inhibit the acidification of
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lysosomes, and thus restrict the lysosomal dependent functions of macrophages. It
would be of significant interest to determine if this is indeed a function shared by
trematode HDM-like peptides, and whether this activity is also characteristic of

mammalian cathelicidin peptides.

Both, the prevention of lysosomal acidification and the inhibition of NLRP3
inflammasome activation, would be important for the establishment and persistence of
F. hepatica within its mammalian host. Indeed, protection against infection by this
parasite is associated with the development of a parasite-specific Thl type immune
response’® 122, Yet this parasite possesses the remarkable ability to switch the host’s
protective Thl type immune responses towards a Th2 response®® %7, It has been
recently reported that the NLRP3-dependent production of IL-1B from innate immune
cells, inhibits the development of Th2 immune responses>’’. Thus, the data produced in
the current study, suggests that, by inhibiting the activation of NLRP3, FhHDM-1 may
be contributing to the potent immune-modulatory effect observed after infection with F.
hepatica. Furthermore, hepatocyte cell death, associated with liver inflammatory
conditions and fibrosis, has been characterised with excessive myeloid cell NLRP3
inflammasome activity, culminating in pyroptosis and abundant IL-1f secretion, which
activates additional pro-inflammatory mechanisms, such as TNF-induced cell death?’®,
Given that Fasciola juvenile worms migrate through the liver tissue to reach their final
niche in the bile duct, the subsequent activation of host alarm/inflammatory signals
within this tissue site (including NLRP3 activation) would further amplify any tissue
damage®” 2. Therefore, by preventing host NLRP3 inflammasome activity, and its
resultant pro-inflammatory outcomes, FhRHDM-1 may be minimising the extent of host
response to the collateral tissue damage. Similarly, the secretion of Sm16 from the egg
stage of S. mansoni might also regulate the inflammatory processes leading to the
formation and/or resolution of granulomas in liver tissue, where S. mansoni eggs are

deposited!® ¥,

Importantly, the discovery here that FhRHDM-1 inhibits lysosomal acidification
has implications beyond contributing to our understanding of the biology of the parasite.
Macrophages also play a central role in the pathogenesis of autoimmune disease. For
example, macrophages with a pro-inflammatory phenotype have been suggested to be

the driving force for the initiation and perpetuation of autoimmunity in several diseases,
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)273, 279-281 In such

including Type I diabetes (T1D) and multiple sclerosis (MS
autoimmune disorders, the enzymatic activity of lysosomal proteases, which is
regulated by luminal acidification, is largely responsible for the autoimmune
sequalae!®® 240: 272. 282285 © A g result, the current study suggests that FRHDM-1 and
plausibly FhHDM-1-like peptides, through their ability to modulate macrophage
function, represent a unique class of molecules, with potential therapeutic applications

for the treatment of autoimmune/inflammatory disorders, in which excessive Th1/Th17

pro-inflammatory immune responses are predominant.

The potential of utilising HDPs as a new generation of immune regulatory
therapeutics has been proposed and is currently being pursued'>> 3%, However, further
investigations to elucidate the specific mechanisms by which these peptides modulate
immune responses is still required before their clinical potential as immune regulators
can be realised. Although promising discoveries have been made, the duality of action
of certain HDPs according to their environment, can either result in exacerbation or
prevention of inflammation, making it difficult to clarify their direct
functions/mechanisms!?> 139 286 Fyrthermore, the adverse effects of HDPs including
cytotoxicity, as well as their induced stimulation of histamine release and degranulation

of mast cells*®¢

, present important limitations towards their application as potential
therapeutics, making the production of modified and thus safer synthetic analogues
indispensable. Therefore, FhHDM-1 and its homologues may prove to be safer
therapeutic alternatives to HDPs, given that they preserve some of the immune

modulatory roles of cathelicidins without the negative aspect of being cytotoxic'>.

This study has elucidated a novel immune modulatory mechanism of action of
FhHDM-1 on macrophage function. Such information not only expands our
understanding of the impact that FhHDM-1, and putatively other cathelicidin-like
peptides, have on macrophages and how such effects serve to benefit both parasites and
their host, but also opens a wide range of potential therapeutic applications against
pathologies associated with excessive inflammation, driven by macrophage lysosomal-

dependent mechanisms.
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