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Abstract

Leishmaniasis is a neglected tropical disease caused by parasites of the Leishmania
genus and is spread to humans by sandfly bite. Leishmaniasis is the second largest
parasitic killer after Malaria and manifests a wide variety of symptoms from disfiguring skin
lesions to fatal liver damage. Despite approximately 1 billion people living in endemic
areas, with 1 million new cases occurring each year, treatment options for the disease

remain limited, and a successful vaccine is yet to be developed.

The lack of successful control of Leishmaniasis can be partially attributed to an incomplete
knowledge of how Leishmania establishes infection. The parasites are unusual as they
infect and multiply inside macrophages; specialised innate immune cells that usually
detect and destroy invading pathogens. Therefore to replicate, Leishmania successfully
evades the hosts innate immune response in order to infect macrophages and persist
within them. Leishmania express numerous virulence factors to aid infectivity by inhibiting
host signalling pathways, some of which are downstream of pathogen recognition
receptors (PRRs). After recognition of pathogens by the various PRRs, downstream
signalling can activate host microbicidal and pro-inflammatory responses to eliminate the

infection.

By combining parasite cell culture and molecular biology techniques, we examined how
Leishmania mexicana may disrupt the pathogen sensing and communication pathways of
the human macrophage. We focused on parasite interactions with PRRs, especially the
cytoplasmic nucleic acid sensors as there has been little investigation concerning them in

the context of Leishmania infection.

After establishing a successful in vitro L. mexicana infection within human THP-1
macrophages, we discovered that these cells had an enhanced response to transfected
dsDNA following L. mexicana infection. This was observed by the increased activation of
a key adaptor protein stimulator of interferon genes (STING), in the cGAS-STING DNA
sensing pathway and its downstream targets, in addition to an increased cytokine
response to dsDNA. Through protein analysis we also observed that STING and other key

components of the DNA sensing pathway are modified during infection.

Through further experiments we identified the modification of STING as a cleavage event

resulting in partial loss of its C-terminal tail. While cleavage to this form is highly
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upregulated during infection, we have suggested that this alternative form of STING is a
naturally occurring variant and may have a regulatory role under normal conditions that

Leishmania parasites could exploit for their own benefit.

As with THP-1 cells, cleavage of the C-terminal tail of STING also occurs after infection of
mouse bone marrow derived macrophages (BMDMs) and human keratinocytes (HaCaT
line). This confirms that this parasite virulence activity is not isolated to one host species,
or to the primary host cell type of Leishmania. However, the cleavage of STING in the
mouse BMDMs and human keratinocytes was not accompanied by the enhancement of
the dsDNA seen in infected THP-1 cells.

Intriguingly DNA sensors cGAS and IF16 also appear to be modified during Leishmania
mexicana infection of both THP-1 macrophages and HaCaT keratinocytes. Unlike STING
we have not yet been able to ascertain the exact nature of these modifications, but we
have observed that they do not seem to prevent their function or downstream signalling of
the cGAS-STING DNA sensing pathway.

Investigation of extracellular vesicles (EVs) released from infected THP-1 cells revealed
that their cargo was altered during infection to likely include Leishmania derived proteins
and DNA. Uninfected macrophages treated with these modified EVs also had an
upregulation of cleaved STING, demonstrating whole parasite infection is not required for
its modification. This also suggests that the immunomodulatory actions of Leishmania can

be mediated by exploiting host vesicle secretion.

As the initial immune response to Leishmania infection has a significant impact on the
course of the disease, identifying new host targets of parasite virulence factors will be
crucial to increasing understanding of Leishmaniasis and may provide future therapeutic
targets. Therefore, investigation of STING and other components of the cGAS-STING
DNA sensing pathway is necessary to fully understand their role during Leishmania

infection and thus identify therapeutic targets.
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Chapter 1: Introduction
1.1. Introduction to Leishmaniasis

Leishmania parasites are the causative agents of a group of diseases collectively named
Leishmaniasis. Leishmaniasis is thought to affect around 12 million people worldwide
(Alvar et al., 2012), although it is thought that over 1 billion people live in endemic areas
and are susceptible to infection (WHO, 2023). Leishmaniasis affects both humans and
animals and is spread by the bite of infected sand flies of the phlebotomine species and
manifests a wide spectrum of symptoms that is dependent on the species of infecting

parasite and immune status of the host.

Leishmaniasis has been named a neglected tropical disease (NTD) by the World Health
Organisation due to its prevalence in low-income populations and limited treatments, many
of which have unwanted side effects. Poverty is key risk factor for developing the disease
(Alvar et al., 2006) and the associated disability that can result from Leishmaniasis is
thought to perpetuate the poverty cycle (Okwor and Uzonna, 2016). Among the NTDs
Leishmaniasis has both a high mortality and morbidity rate. In the Global Burden of
Disease study 2019, (Vos, 2020) it was estimated that up to 862,000 new cases of all
forms of the disease may occur each year. This is predicted to result in almost 19,000

deaths and 1.6 million Disability-adjusted life years (DALYS) lost (Vos, 2020).

The disease has been brought to the public eye in the past decade as several countries
in the Middle East have seen a re-emergence of Leishmaniasis due to ongoing conflict
and political upheaval (Bizri et al., 2021; Karami et al., 2022; Salam et al., 2014). Other
contemporary issues concerning Leishmaniasis include the exponential increase in canine
Leishmaniasis cases in Spain and other southern European countries (Le Rutte et al.,
2018; Mas et al., 2020; Morales-Yuste et al., 2022), as well as the emergence of human

Leishmaniasis cases in Europe (Vaselek, 2021; Arce et al., 2013; Ready, 2010). Similarly
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there has recently been an increase in both autochthonous and imported human infections
being reported in southern USA (Bradley et al., 2013; Curtin and Aronson, 2021; Mcllwee

et al., 2018).

In the future the number of those at risk of Leishmania infection could increase
dramatically- in both canine and human cases. While the recognition of Leishmaniasis as
a public health problem is increasing, there is still a clear lack of safe and effective drugs
and vector control methods. More than ever a deeper understanding of this parasite and
how it can infect and propagate within human cells is necessary if more successful
therapeutic treatments and vaccines are to be developed to allow more successful control

of the disease.

1.1.1 Disease Presentation

More than 20 species of Leishmania are known to cause disease in humans (Pearson and
Sousa, 1996) and the clinical presentation and outcome of the disease can vary widely
depending on the parasite species. The main disease-causing species are summarised in
Table 1. The three major forms of the disease are cutaneous, mucocutaneous and visceral

Leishmaniasis and vary greatly in symptoms, pathologies and clinical outlook.

Cutaneous Leishmaniasis

Cutaneous Leishmaniasis (CL) is the most common and widespread form of the disease
and generally considered to be the mildest, especially as the associated cutaneous lesions
tend to self-heal without intervention and are rarely fatal. In 2021 there were 221, 953 new
CL cases reported to the WHO, although it is expected that many new cases remain
unreported (Ruiz-Postigo et al., 2022). Leishmania species such as L.major, L.mexicana,

L.braziliensis and L.guyanensis cause this form among many others (WHO, 2010).
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The disease is characterised by the presence of painful ulcerous skin lesions localised at
the site of the sand fly bite. These lesions can vary between patients in severity, size and
clinical appearance. Some lesions will self-heal without intervention within 3- 9 months,
with the time generally depending on which Leishmania species is present. However
resolved lesions usually result in scarring which can be socially debilitating for some
patients and can cause isolation and social exclusion (Bennis et al., 2018; Bilgic-Temel et

al., 2019).

Cutaneous Leishmaniasis can progress into more severe forms of the diseases such as
diffuse cutaneous Leishmaniasis (DCL) or Mucocutaneous Leishmaniasis (ML). DCL is a
rare variant of CL characterized by multiple widespread, slowly progressive, non-

ulcerating nodules (Couppié et al., 2004).

Mucocutaneous Leishmaniasis

This form of the disease is characterised by the ulceration and destruction of
mucocutaneous tissue. Leishmania species causing ML promote metastasis to mucosal
tissues of the mouth and respiratory tract by lymphatic or haematogenous dissemination.
Commonly the nasal mucosa is affected and perforation of the septum can occur
(Reithinger et al., 2007). The lips, cheeks and larynx can also be involved leading to severe
facial disfigurement and psychological trauma as ML does not heal spontaneously and is
very di cul t t o(Rethingeasdt al.s2007)c @omglitatiohslansing from this
form of the disease include breathing difficulties and frequent secondary bacterial
infections. The most common cause of death from this form of Leishmaniasis is
Pneumonia (WHO, 2010). ML is most commonly associated with L.braziliensis but other

species have also been found to cause this form (Marsden, 1986).
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Table 1: The main species of Leishmania that cause disease in humans. Adapted

from (WHO, 2010).

Disease manifestation and

geographical location

Leishmania Species

Old World (Africa, Asia,

Middle East and Europe)

Subgenus Leishmania

Subgenus Vianna

Visceral Leishmaniasis

Leishmania donovani and

Leishmania infantum

Cutaneous Leishmaniasis

Leishmania major,
Leishmania tropica and

Leishmania aethiopica

Diffuse Cutaneous

Leishmaniasis

Leishmania aethiopica

New World (The Americas)

Subgenus Leishmania

Subgenus Vianna

Visceral Leishmaniasis

Leishmania infantum

Cutaneous Leishmaniasis

Leishmania infantum,
Leishmania mexicana,
Leishmania pifanol and

Leishmania amazonensis

Leishmania braziliensis,
Leishmania guyanensis,
Leishmania panamensis

and Leishmania peruviana

Diffuse Cutaneous

Leishmaniasis

Leishmania mexicana and

Leishmania amazonensis

Mucocutaneous

Leishmaniasis

Leishmania braziliensis and

Leishmania panamenis
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Visceral Leishmaniasis

Visceral Leishmaniasis, more commonly known as Kala-azar in India is the most severe
form of Leishmaniasis and without treatment has a high fatality rate. Leishmania donovani
is the primary cause of visceral Leishmaniasis in the Indian subcontinent and East Africa,
L.infantum in the Mediterranean region, and L.chagasi in the New World (Guerin et al.,

2002).

In 2021 11, 743 new VL cases were reported (Ruiz-Postigo et al., 2022) with many more
predicted to be unreported. Malnutrition and immune suppression, notably due to Human
Immunodeficiency Virus (HIV) infection, are key risk factors (WHO, 2010). This form of
the disease occurs when the parasites migrate to internal organs such as the liver, spleen
and the bone marrow. Patients can present with a wide variety of symptoms from fever,
malaise, weight loss, abdominal pain, splenomegaly, hepatomegaly and pancytopenia.
Death from visceral Leishmaniasis can be indirect as opportunistic infections (i.e.
pneumonia and tuberculosis) occur as a result of a highly depleted immune system (WHO,

2010).

A complication of VL that is becoming more and more prominent is co-infection with HIV.
The number of cases of co-infection continue to grow as Leishmania is endemic in similar
regions as HIV. These cases present further challenges to medical staff as the diagnosis
of co-infected patients is difficult, and often challenging to treat (Guerin et al., 2002).
Infection of immune cells with Leishmania has been shown to enhance the replication of
HIV, for example by causing overexpression of CCR5, a co-receptor that allows HIV entry
to CD4+ and CD8+ lymphocytes (Bernier et al., 1995; Garg et al., 2009; Vallejo et al.,
2015). This can lead to the acceleration of both HIV and VL progression as both pathogens

exploit and suppress host cell immune responses in a mutually beneficial manner.
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1.1.2 Epidemiology

Leishmaniasis is a disease found worldwide, and in 2022 99 countries and territories were
considered endemic for the disease; with 89 considered endemic for CL and 80 for VL
(Ruiz-Postigo et al., 2022). According to data from WHO, more than 80% of new CL cases
in 2020 were reported from just seven countries; Brazil, Columbia, Afghanistan, Pakistan,
Syria, Irag and Algeria (Ruiz-Postigo et al., 2021). Leishmaniasis is found throughout
much of the Americas, from Argentina to southern Texas and often referred to as New
World Leishmaniasis. It is also found in Asia and the Middle East as well as parts of
southern Europe and Africa- collectively known as Old World Leishmaniasis. The global

spread of different forms of the disease is highlighted in Diagram 1.

Factors such as conflict, population movement and poor vector control have seen new
outbreaks of the disease and dramatic changes in the epidemiology and incidence of
cases in the last decade. In the 2010s following the ongoing conflict in Syria, major
outbreaks of Leishmaniasis occurred in refugee camps and cities affected by conflict (Al-
Salem et al., 2016; Hayani et al., 2015). Piles of rubbish and standing water caused by
the destruction provided ideal breeding grounds for sand flies, and a lack of health
infrastructure prevented adequate control and medical intervention for those affected. A
striking example of the impact of these outbreaks can be seen from the incidence of cases
of CL in Lebanon. During the 2000-2012 period only 6 cases of CL were reported in
Lebanon, however in 2013 there were 1,033 cases - the majority among the Syrian
refugee populations (Al-Salem et al., 2016). The presence of sand fly populations in the
same areas as refugee camps where patients were living in poor living, and sanitary
conditions led to an ideal environment for the re-emergence of Leishmaniasis in this

country.

As Leishmaniasis is spread by the activity of a vector, the expansion of the sand fly

population can be linked with cases of the disease. With climate change, it has been
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predicted that sand fly populations will continue to move northwards and by the 2060s
sand fly populations will be present in southern UK, Germany and France (Tréjer, 2013).
While in North America, even the most conservative modelling scenario in one paper
predicts that the number of people currently at risk from Leishmaniasis will double by 2080

and that the disease will be found as far north as Canada (Gonzalez et al., 2010).
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Diagram 1: Status of endemicity of A) Cutaneous Leishmaniasis and B) Visceral
Leishmaniasis worldwide in 2021 (Figure adapted from Ruiz-Postigo et al, 2022)
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1.1.3 Lifecycle of the Leishmania parasite

Leishmania spp, the causative agents of Leishmaniasis are flagellated parasitic protozoa
belonging to the kinetoplastida class, characterised by the presence of an organelle with
a large mass of circular DNA called a kinetoplast. Other notable parasitic members of this
class include Trypanosoma brucei and Typanosoma cruzi which are the causative agents
of Human African Trypanosomiasis and Chagas disease respectively (McGhee and

Cosgrove, 1980).

Leishmania has a complex lifecycle requiring two hosts, female Phlebotomine sandflies of
the genera Phlebotomus and Lutzomyia, and a mammal such as a human or canine. The
parasite also has two distinct structural variants depending on their lifecycle stage,
amastigotes and promastigotes. Promastigotes, the human infective form of Leishmania
are elongated in shape with flagella located at the anterior end to allow motility. However,
when promastigotes infect mammalian macrophages to multiply and transform into
amastigotes, the shape of the parasites cell body becomes more ovoid, and their motility
is mostly lost. The transformation of promastigotes to amastigotes inside the macrophage
phagolysosome is triggered by what is termed a differentiation signal- in this case
concomitant exposure of the parasite to 37°C and pH 5.5 (Barak et al., 2005). The
replication of amastigotes is most commonly associated with parasitism of mononuclear
phagocytes where it occurs within the phagolysosome compartment. However,
Leishmania parasites may also infect a variety of host cells including neutrophils,

monocytes, tissue resident dermal macrophages and stromal cells.

Amastigotes can leave their initial host macrophage in order to infect more for continued
replication. The exact mechanism by which amastigotes disseminate to more cells is still
relatively unknown and thought to vary between Leishmania species. Cell rupture due to
increasing and unrestricted amastigote replication had been suggested as one way
amastigotes are released from the initial host cell and can go on to infect further cells
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(Handman, 1999; Handman and Spira, 1977). Another method of cell-cell spreading seen
in both L.amazonensis and L.major infections involves the proliferating parasite driving
host cell death by apoptosis. The resultant apoptotic bodies are phagocytosed by nearby
macrophages thus allowing the parasites be taken up by a new host cell (Baars et al.,
2023; DaMata et al.,, 2015). Other studies have suggested that L. aethiopica and L.
mexicana parasites have developed a mechanism of spreading in which they do not need
to destroy their host cells- as the parasites appear to be slowly released from host cells
without damaging them (Rai et al., 2017). This non-damaging method may be similar to
how L. amazonensis amastigotes have been shown to transfer from cell to cell in in vitro
studies. Amastigotes were transferred to new host cells within membrane blebs rich in
phagolysosome membrane components. The extrusions containing amastigotes were

selectively internalized by macrophages (Real et al., 2014).

Sandflies become infected by ingesting amastigote containing macrophages during a
blood meal and provide an environment for the amastigotes to transform to promastigotes.
Outside the mammalian host the lifecycle of Leishmania is confined to the digestive tract
of female sandflies. Once again the change in conditions from the mammalian host
macrophage- a lower temperature and higher pH triggers differentiation of the parasite
within the sand fly midgut (Bates and Rogers, 2004; Kamhawi, 2006). This culminates in
highly infective metacyclic promastigotes that are transmissible to a new mammalian host
when the sand fly takes another blood meal (Rogers et al, 2002). This lifecycle is

summarised in diagram 2.

The stationary phase of the parasite is a term applied to the metacyclic stage. Proteins
with functions in protein synthesis, protein folding and mRNA processing are down-
regulated by post-translational modification during this stage, leading to arrested growth,
while infectivity of the parasite is increased due to the upregulation of proteins concerned

with motility (Mojtahedi et al., 2008).
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Diagram 2: Life cycle of Leishmania parasite

When a sandfly takes a blood meal, infective promastigotes are inoculated into a
susceptible host mammal. These promastigotes infect host macrophages and transform
into amastigotes, multiplying by simple division within these cells. Amastigotes continue
to infect phagocytic cells either at the site of the bite (CL) or can disseminate to
secondary lymphoid organs (VL). When sandflies feed on an infected host, they become
infected with amastigotes. These amastigotes transform into promastigotes in the midgut
of the sandfly and migrate from the midgut to the pharyngeal valve. Lifecycle described
in (Bates and Rogers, 2004; Harhay et al., 2011). Diagram created in Biorender.

29



1.1.4 Treatment Options

Treatments for Leishmaniasis are limited, with chemotherapeutic agents being the
primary options. While these can be reasonably effective, toxic side effects and a high
cost can limit the use of these treatments. Distribution of these therapeutics is made
more complicated as many of those affected live in rural areas far from health care
access and may also be unable to afford appropriate treatment (Croft and Olliaro,
2011; Eid et al., 2019; O. P. Singh et al., 2016). Many of the treatments listed in Table
2 can also only be administered in complex regimens by injection or infusion which is
likely to affect patient compliance (Croft and Olliaro, 2011). Drug resistance is also a
growing problem especially for pentavalent antimonials- the first line treatment options
for many cases. (Chakravarty and Sundar, 2010; Croft et al., 2006; Ponte-Sucre et al.,
2017) Table 2 summarises the main therapeutic options currently available for

Leishmaniasis and their limitations.

To overcome limitations of current therapies, research has focused on identifying novel
drug targets from identified Leishmania virulence factors that are crucial for its
pathogenicity. Similarly, a fuller understanding of Leishmania metabolism could also
reveal targets crucial for maintaining its viability within cells. These could lead to a
more targeted approach to treating the disease, as most of the current options are
drugs that have been repurposed from use against other diseases (Ejazi and Ali, 2013)
such as the anti-fungal medication Amphotericin B (Coukell and Brogden, 1998).
Several compounds targeting key parasite factors and enzymes are now in
development. These include Leishmania Heat shock protein 78 (Das et al., 2020) and

Leishmania aurora kinase- a mediator of cell division (Chhajer et al., 2016).
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Table 2: Available treatments for Leishmaniasis and their key limitations of use. Table adapted from (Kumari et al., 2021)

Treatment Mechanism of  Route of = Limitations Advantages References
action administration

Pentavalent Inhibition of Intramuscular injection or | -Toxic side effects -Usually the first line treatment for | (Mansuri et al.,

antimonials glycolysis, fatty | intravenously either by -Drug resistance reported Leishmaniasis 2020; Arboleda et

Amphotericin B

Mitelfosine

acid oxidation,
ATP and GTP
synthesis

Pore formation
in membrane
and membrane
synthesis
disruption
Modulates cell
surface
receptors and
alters sterol and
phospholipid

composition

infusion or slow injection.
Topical administration
can be performed for
cutaneous Leishmaniasis
treatment

Intravenous Infusion

Oral

-Long and invasive treatment

course

- Difficult to administer
-More toxic than pentavalent
antimonials

-High Cost

-Unsuitable for pregnant
women

-Gastrointestinal side-effects
-Long half-life
-Nephrotoxicity and

hepatotoxicity
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-Easily available
-Intralesional route for CL showed
reduced after-effects

-Highly effective with decreased
toxicity

-Short course of treatment

-Only oral drug available and
effective in antimonial resistant
cases- higher patient compliance

is likely

al., 2019; Ponte-
Sucre et al., 2017;
K. Singh et al.,
2016; Sundar et
al., 2000)

(Roatt et al., 2020;
No, 2016; Nagle et
al., 2014)

(Nagle et al., 2014;
No, 2016; Sinha et
al., 2011)



Paromomycin

Obstruct the Intramuscularly, or topical
machinery of application for CL
protein

synthesis as it
binds to 30S-
smaller subunit
of the ribosomal

complex

-Common side effects such
as nausea and diarrhoea
-Pain at the site of injection
-Other side effects include
hepatotoxicity, nephrotoxicity,

and ototoxicity
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-Seen as a first-line alternative
drug in the setting of resistance to
classical anti-Leishmanial drugs
-Cost-effective and used in

combination therapy

(Sundar and Singh,
2018; K. Singh et
al., 2016; Hussain
et al., 2014;
Wiwanitkit, 2012)



1.1.5 Vaccines

Many of the diseases collectively known as Leishmaniasis are thought to be vaccine-
preventable diseases, as they are characterised by a state of partial immunity after
disease resolution. Additionally, there have been many promising results in pre-clinical
trials for potential vaccines, and three commercial approved vaccines against canine
Leishmaniasis are currently licensed (Velez and Géllego, 2020). However, at this time

no licenced vaccines for human use have attained registration.

The reasons behind the lack of clinical trials for vaccine candidates is not due to a lack
of vaccine candidates. However, many other factors have contributed to significant
roadblocks in the development of a vaccine. These include a lack of funding; especially
as Leishmaniasis is relatively unknown compared to other NTDs such as Malaria. Linked
with this is the potential lack of commercial incentive due to the lack of well-evidenced
estimates of vaccine demand (Malvolti et al., 2021). The disease also disproportionately
affects middle- or low-income countries. As discussed previously poverty is a clear risk
factor for the disease, and contracting the disease is likely to contribute to the poverty
cycle in those affected due to expensive treatments and loss of income due to poor health

(Okwor and Uzonna, 2016) .

The numerous differing species of disease-causing Leishmania may also add
complexity to vaccine development, although many key virulence and structural proteins
are highly conserved between species. Other issues that include the transition from
results in animal models to human studies which can be challenging (Coutinho De
Oliveira et al., 2020). Despite these challenges many different types of Leishmania
vaccines have been proposed, some which have achieved promising first results and

passed safety requirements.

The progression in the development of Leishmania vaccines can clearly be seen through

the different generations of vaccines. The first-generation vaccines are comprised of
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whole parasites, killed by heat or chemical processes. Second generation vaccines
utilise purified parasite antigens or recombinant molecules, or even synthetic peptides
representing epitopes of antigen. Examples include virulence factor glycoprotein 63
(GP63) and Leishmania homologue for receptors of activated C kinase (LACK) (Duthie
et al., 2012). Finally, third generation vaccines are those that utilise Leishmania specific
DNA or RNA, delivered either naked or within a viral vector. Currently one DNA based
vaccine has passed initial safety trials in rodent and simian models and has shown to be
safe and effective in initial human trials of healthy volunteers and patients with
complicated visceral leishmaniasis. This adenovirus-based vaccine, ChAd63-KH,
encodes Leishmania antigens, highly conserved kinetoplastid membrane protein-11 (K;
KMP-11) and hydrophilic acylated surface protein B (H; HASPB). Both proteins are
expressed by both amastigote and promastigote forms of Leishmania (Younis et al.,
2021). This vaccine is undergoing further human trials to assess the therapeutic benefit

of vaccination with results expected this year.

Another current and promising vaccine candidate is the live attenuated vaccine L.
major centrin' / I A new generation of live but genetically attenuated whole parasite
vaccines are now of current interest, especially as they closely mimic the normal
Leishmania infection process. They normally involve attenuation of parasite genes
essential for its survival within the host or virulence activities. Leishmania centrin is
necessary for parasite growth and the differentiation process- it is a calcium-binding
protein located in the basal body of the parasite that regulates centrosome duplication
and segregation (Volpedo et al., 2022). Pre-clinal trials have demonstrated the safety
and efficacy of this vaccine against new world cutaneous leishmaniasis in mouse
models. Advancement of the candidate to human trials will be the next step for this

vaccine (Karmakar et al., 2022).
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The rise of interest in MRNA vaccines due to the COVID-19 pandemic and vaccine
development could open some new directions for mRNA Leishmania vaccines in the
near future. MRNA vaccine candidates for malaria (Mallory et al., 2021) and other NTDs
are under investigation and it is likely that the use of this technology for many other

NTDs, including Leishmaniasis could be rapid.

1.2 The Innate Immune response

The immune system in mammals consists of the innate immune response and the
adaptive immune response. The adaptive immune response is primarily composed of T
and B lymphocytes that are activated by exposure to specific pathogens and use
immunological memory. The adaptive immune response is usually much slower at

responding to threats than the innate immune response, although much more targeted.

The innate immune response is the first line of defence of the immune system against
pathogenic threats to the host. As soon as a pathogen breach one of t
anatomical barriers, such as the skin, a variety of soluble molecules present in the blood
and extracellular fluid start to act. These innate immune mechanisms include
antimicrobial peptides and enzymes in addition to the complement system- a group of
plasma proteins that can prime pathogens for lysis and phagocytosis by innate immune
cells such as macrophages. In addition to macrophages, a variety of cell types contribute
to the innate immune response, including dendritic cells, neutrophils, natural killer cells

and innate lymphoid cells.

An important aspect of the innate immune response is the presence of germline encoded
pattern recognition receptors (PRRs) (Akira et al., 2006) on the surface or within the
cytosol of innate immune cells. PRRs detect conserved motifs and patterns present on
micro-organisms but not host cells. These are known as pathogen associated molecular
patterns (PAMPs) and include a wide variety of molecules from bacterial cell wall

components to pathogen derived nucleic acids. This allows the recognition of invading
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pathogens as non-self, thus allowing an appropriate response to take place. Activation
and downstream signalling of PRRs is essential for the production of intracellular signals
that activate the innate immune response by the production of inflammatory cytokines,
as well as supporting the adaptive immune response via the recruitment of other immune

effector cells.

In addition to PAMPs, PRRs can recognise Damage Associated Molecular Patterns
(DAMPSs) (Janeway and Medzhitov, 2002). DAMPs are endogenous danger molecules
normally not visible to the immune system, but often released during cellular stress from
damaged or dying cells. Examples of DAMPSs include Uric acid (Shi et al., 2003) double

stranded DNA (dsDNA) (Jounai et al., 2013) or mitochondrial DNA (Zhang et al., 2010).

1.2.1 Toll-like receptors (TLRs)

There are many classes of PRRs, but perhaps the most well studied and known are the
membrane bound Toll-like receptors (TLRs). In humans 10 TLRs have been identified,
each able to detect a variety of PAMPs from bacteria, viruses, fungi and protozoa
(Takeda, 2004). The ligands of each of the TLRs are summarised in Diagram 3. The
majority of the TLRs are expressed on the extracellular cell surface, however TLRs 3, 7,
8 and 9 are found inside cell endosomes. Therefore further detection can occur after
pathogen entry into cells via receptor mediated endocytosis or within phagosomes
containing pathogens engulfed by macrophages (Takeda, 2004). This includes detection

of obligate intracellular pathogens such as herpes simplex virus and Leishmania.
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Diagram 3: Location and ligands of the human TLRs

TLRs recognize a variety of microbial products: TLR2 (together with TLR 1 and TLR 6)
is specific for lipoproteins; TLR3 is specific for double-stranded RNA; TLR4 is specific
for lipopolysaccharide and lipoteichoic acids; TLR5 is specific for bacterial flagellin;
TLR 7 and TLR 8 are structurally highly conserved and can bind the same ligand in
some cases TLR 7 can bind synthetic imidazoquinolines and both bind SSDNA.TLR9 is
specific for CpG DNA. Currently the ligand for TLR 10 is unknown. Dimerization of
TLRs is required to activate downstream signalling but has not been shown in this
diagram. TLR ligands have been summarised in MclInturff et al 2005 and Kawaii and
Akira 2006. Diagram created in Biorender.

A principal response after the activation of a TLR with its cognate ligand is the production
of pro-inflammatory cytokines, such as TNF-U, IL-1, IL-6, IL-8 and IL-12, to help control
the pathogenic infiltration (Kawai and Akira; 2006). Pro-inflammatory cytokines, together
with chemokines act to recruit and stimulate other immune cells to the site of infection.
Different intracellular responses to TLR activation include the production of antimicrobial

peptides and antiviral cytokines.
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There are two major signalling cascades downstream of TLRs (Diagram 4), one results

inthe activationof NF-e B transcription factors and the ot
regulatory factor (IRF) transcription factors. NF-e B pri mar i ly regul ates
pro-inflammatory cytokines and chemokines, whereas IRF factors regulate the type |

interferons.

The type | interferons include several structurally similar IFN-U pr ot ei ns,-band on
protein. These interferons can activate transcription of the interferon stimulated genes,
which induce many antiviral strategies within infected cells to inhibit viral replication. This
includes the upregulation of major histocompatibility complex (MHC) class Il expression

and activation of the adaptive immune response (Kumar et al., 2011).

NF-aB activati on

To activatetheNF-ae B transcription factor, TLR signal/l.i
involves the interaction of the TLR cytoplasmic Tolli IL-1-resistance (TIR) domains with
adaptor molecules. There are four different adaptor molecules including myeloid

differentiation factor 88 (Myd88) and all TLRs, except TLR 3, recruit Myd88.

Once activated, Myd88 recruits the serine-threonine kinases Interleukin 1 Receptor
Associated Kinase (IRAK) 4 and IRAK 1/2 which phosphorylate the E3 ubiquitin ligase
TNF receptor associated factors 6 (TRAF 6). Once active, TRAF 6 generates ubiquitin
chains, both on itself and on the protein NF-kappa-B essential modulator (NEMO), a
component of the 1kB kinase (IKK) complex. These polyubiquitin chains create a scaffold
for the activation of the serine-threonine TGF-b- activated kinase 1 (TAK1) to occur.

Once activated TAK1 can activate both MAP kinases and the IKK complex.
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MAP kinases, including p38 and Jun N-terminal kinase (JNK) phosphorylate and activate
Activator protein 1 (AP-1) transcription factors, whereas the activated IKK complex
allows the release of NF-e B and its subsequent entry into
transcription of many genes involved in the innate immune response (Hayden et al.,

2006; Kumar et al., 2011; Takeda, 2004).

IRF transcription factors

Activation of IRF transcription factors occurs in a similar process after TLR binding of
nucleic acids. However, TLR-3, which senses double-stranded RNA, uses a different
adaptor protein in place of Myd88- TRIF. The interaction of TIR domain containing
adaptor inducing IFN (TRIF) and TRAF6 activates TAK 1 kinases similarly to that in the

Myd88 dependent pathway (Kumar et al., 2011).

TRIF also activates kinases TANK-Binding Kinase 1 (TBK1) and IkKe through the
involvement of TRAF3, which are able to phosphorylate transcription factor IRF3. Once

activated IRF3 enters the nucleus and can induce transcription (Kumar et al., 2011).

TLRs and anti-inflammatory cytokines

In addition to their role in regulating inflammation, TLRs can also be significant in the
prevention of excessive inflammation. This is achieved via the production of anti-
inflammatory cytokines (Lang and Mansell; 2007), including interleukin-10 (IL-10). The
production of anti-inflammatory signals and negative feedback mechanisms are

essential to prevent unchecked inflammation and damage to self.
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Diagram 4: TLR signalling pathways

Ligand activated TLRs on the cell surface, or at the endosomal membrane dimerize on
activation, and engage with adaptor molecules such as Myd88 or TRIF, via TIR

domains. Association with signaling adaptor molecules stimulates downstream

signaling pathways through IRAKs and the E3 ubiquitin ligase TRAF 6. This leads to

the activation of various protein kinases and transcription factors including AP-1 and

NFaB. TRI F s actiates IRFsntgcordribusedo Type-I interferon (IFN) gene
expression. These pathways are describedin( O6 Ne i | | artd (Kanharetal.,2 01 3)
2011) Diagram created in Biorender.
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1.2.2 RIG-I like receptors (RLRs)

The RLRs are a group of RNA sensors located in the cytosol that sense RNA. The family
of receptors includes Retinoic acid-Inducible Gene | (RIG-I), Melanoma Differentiation
Associated protein 5 (MDA5) and Laboratory of Genetics and Physiology 2 (LGP2).
These sensors detect RNA present within the cytosol of virally infected cells and induce

an inflammatory response in addition to the production of type | interferons.

All RLRs have a central helicase domain and a so-called carboxy-terminal domain
(CTD). RIG-1 and MDAJ5 contain a Caspase Activation and Recruitment Domain (CARD)
that is essential for downstream signalling (Kumar et al., 2011). LPG2 lacks this CARD,
and it has been suggested it acts as a positive regulator of RIG-I and MDA5 signalling
(Satoh et al., 2010). While the RLRs are free within the cytosol, upon RNA detection a
conformational change in the receptor exposes the CARDs, which interact with the
CARD domains of adaptor protein Mitochondrial Antiviral-Signalling Protein (MAVS).
MAVS localises to the mitochondria, where downstream signalling involving kinases
such as TBK1 lead to IRF3 transcription factor activation (Kawai et al., 2005). MDA5 and
RIG-I are also able to recognise Poly(l:C), a synthetic double-stranded RNA often used

to simulate RNA virus infection (Kato et al., 2006).

1.2.3 NOD-like receptors (NLRs)

NLRs act as intracellular sensors of microbial PAMPs and activate NF-e B t o i ni ti a
inflammatory cytokine production similar to that of the TLRs. Examples of PAMPs
recognised by the NLRs include the bacterial cell wall components peptidoglycan
(McDonald et al., 2005) and muramyl dipeptide (Mo et al., 2012). NLRs have also been

reported to also detect viral, fungal and protozoal ligands (Kawai et al., 2005).
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NLRs are also able to activate assembly of the inflammasome, a multiprotein complex
that can initiate apoptosis or inflammatory cytokine production upon activation. The
NLRP3 inflammasome is the most well studied and PAMPs from all classes of pathogen,
in addition to danger associated molecular patterns (DAMPS) can lead to its activation

(Kumar et al., 2011).

1.2.4 Cytoplasmic dsDNA sensors

In addition to endosomal DNA sensors such as TLR9, DNA sensors located within the
cytosol have also been identified and their activation is able to trigger the innate immune
response and a strong type | interferon response. Significant research over the past
decade has identified many of these sensors, including cyclic GMP-AMP synthase
(cGAS) (Sun et al.,, 2013), DNA-dependent activator of IFN-regulatory factors (DAI)
(Takaoka et al., 2007), IFN inducible gene 16 (IFI16) (Unterholzner et al., 2010),
DEAD/H-box helicase (DDX41) (Zhang et al., 2011), Meiotic Recombination 11 (MRE11)
(Kondo et al., 2013), and DNA-dependent protein kinase (DNA-PK) (Ferguson et al.,
2012). All these receptors have been shown to strongly activate and signal through the
stimulator of IFN genes (STING). STING is located at the Endoplasmic Reticulum (ER)
and activates the downstream kinase TBK1 and subsequently the transcription factor
IRF3 (Ishikawa et al., 2009; Tanaka and Chen, 2012). A robust Type-I IFN response to

cytosolic DNA requires both IRF-3 and TBK1 activation.

More recently a STING-independent DNA sensing pathway (SIDSP) has been
discovered to be active in the human U937 monocyte cell line in addition to primary
human hepatocytes (Burleigh et al., 2020). It has been proposed that DNA-PK is the
DNA sensor of this SIDSP. While this SIDSP is strongly activated in human and primate

cells, is appears to be absent from mouse cells (Burleigh et al., 2020).
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1.2.5 cGAS

After its discovery in 2013 (Sun et al., 2013), cGAS came to be thought of as one of the
most important cytosolic DNA sensors. cGAS and the associated cGAS-STING pathway
has emerged as critical for the pairing of DNA sensing to the activation of the innate
immune system and induction of a strong type | interferon response. cGAS has a crucial
role in anti-viral cell immunity, but also has a role in the response to cellular stress and
antitumour immunity. cGAS recognizes nucleic acids from DNA viruses as well as
damaged mitochondrial and genomic DNA from self. DNA produced by retroviruses such
as HIV may also be sensed by cGAS (D. Gao et al., 2013) and cytosolic RNA:DNA
hybrids can also activate cGAS and its downstream adaptor STING (Mankan et al., 2014)
Intracellular bacteria and parasites such as M. tuberculosis (Wassermann et al., 2015)
and P.falciparum (Gallego-Marin et al., 2018) have also been shown to be detected by

cGAS, leading to Type-I IFN induction.

Structurally cGAS consists of a non-conserved N-terminal domain and a highly
conserved catalytic C-terminal domain (Civril et al., 2013). This C-terminal domain
contains a nucleotidyltransferase (NTase) core domain, that is key to its enzymatic
activity (Sun et al.,, 2013). Additionally, within the C-terminal domain are multiple
positively charged DNA-binding sites (Civril et al., 2013; P. Gao et al., 2013; Li et al.,
2013), which bind the sugari phosphate backbone of DNA. This includes a strong DNA-
binding site , weaker DNA-binding site , and a further DNA-binding site that aids cGAS
activation (Xie et al., 2019). DNA binding induces a conformational change in cGAS, that
specifically rearranges the catalytic pocket of the enzyme and allowing optimal
interaction of the catalytic domain with ATP and GTP substates (Zhang et al., 2014).
Cyclic GMP-AMP (cGAMP), a diffusible cyclic dinucleotide is then produced as a second

messenger after DNA binding by cGAS.
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The importance of this DNA sensor can be demonstrated in cGAS knockdown or
knockouts, in which an ablation of the immune response to DNA viruses such as HSV-1
is observed.c GA ST / 1 haweinat enly have a reduced immune response after HSV-
1 infection but a higher virus titre, and much reduced survival when compared to the WT
(Li, X.D., 2013). ¢ GA S1 thduse and human cell lines have also been shown to be
more susceptible to HIV and unable to mount an effective cytokine response when

compared to the WT (D. Gao et al., 2013).

Cytosolic DNA generated from various sources of DNA damage can also be sensed by
cGAS and lead to its activation. This includes DNA damage from chromosome instability,
radiation, and chemotherapy. cGAS has a role in tumour suppression as activation of
the cGAS-STING pathway and type | IFN expression can have a suppressive effect on
tumours. cGAS-STING signalling also facilitates crosstalk between tumour cells and
immune cells. Dendritic Cells can be activated by tumour derived DNA or cGAMP which

can trigger tumour clearance by the immune system.

The cGAS/STING pathway plays a crucial role in the pathogenesis of many
inflammation-related diseases, including such as cardiovascular disease,
neurodegenerative disease, inflammatory bowel disease, arthritis fibrosis, lupus, and
psoriasis (Chen et al., 2016; Yu and Liu, 2021) For example, in Hu nt i n dideasa 6 s
(HD) cGAS is up-regulated and shown to be linked to the promotion of an increased
inflammatory response that may contribute to HD pathology. It is suggested that the
cause of HD- the mutation of the N-terminal polyglutamine of huntingtin protein (mHTT),
is associated with DNA damage and could cause upregulation of cGAS and activation.
As cGAS depletion decreases inflammatory response in HD striatal cells it could be

future therapeutic target (Sharma et al., 2020).
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1.2.6 STING

STING (also known as ERIS, MPYS, MITA, and TMEM173) functions as adaptor protein
for many cytosolic DNA sensors including cGAS, linking DNA sensing with an innate
immune response and type | interferon signalling. STING was first reported by the Glen
Barber lab as an endoplasmic reticulum adaptor protein that facilitates innate immune
signalling downstream of intracellular DNA detection (Ishikawa and Barber, 2008).
STING can also act as a PRR and was additionally identified to be a sensor of bacterial

cyclic dinucleotides (Burdette et al. 2011).

After cGAS binds to dsDNA and catalyses the formation of second messenger cGAMP,
cGAMP binds to STING which is resident at the ER. Activated STING then traffics to the
Golgi apparatus and perinuclear compartments (Dobbs et al., 2015; Ishikawa and
Barber, 2011), where it recruits and activates TANK Binding Kinase 1 (TBK1) and
transcription factor IRF3. This behaviour is referred to as STING clustering. Activated
IRF3 dimerizes and enters the nucleus leading to the transcription of type | interferons.
Activation of the cGASI STING pathway also results in the induction of NF-e B and
transcription of proinflammatory cytokines such as IL-6 and tumour necrosis factor (TNF)

(Ishikawa and Barber, 2008)

Aside from its role in innate immunity and production of type | interferon and cytokines,
STING is also associated with other biological processes. This includes the adaptive
immune response where STING has been shown to have a role in inhibiting T cell
proliferation (Cerboni et al., 2017). Recent research has also shown that STING can
directly impact cellular metabolism, including the modulation of insulin secretion and
glucose metabolism (Qiao et al., 2022; Rong et al., 2022). STING also has a role in
cellular death pathways such as apoptosis and autophagy. The translocation of STING

after activation has been linked to the activation of autophagy (Saitoh et al., 2009).
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STING has been reported to mediate autophagy through direct interaction with

autophagy related protein LC3 (Liu et al., 2019).

In terms of structure, STING is split into three main domains, an N-terminal
transmembrane domain (TMD) containing four transmembrane helices, a cytoplasmic
ligand binding domain (LBD) and a C-terminal tail (CTT) (Shang et al., 2019). The CTT

contains a TBK1 binding motif and phosphorylation motif.

Crystal structure analysis has revealed that the cytoplasmic ligand binding domain of
STING forms a dimer (Shang et al., 2019). It is at the cleft at the middle of this dimer that
cGAMP binds to STING in order to activate it. Upon cGAMP binding, conformational
changes in the ligand binding domain are induced which leads to a high-order
oligomerization of STING (Ishikawa et al., 2009; Tanaka and Chen, 2012) that is
essential for TBK1 recruitment and subsequent phosphorylation events triggering the
downstream signalling pathways (Shang et al., 2019; Zhang et al., 2019). Without STING
oligomerization, STING phosphorylation by TBK1 is impaired as the active site of bound
TBK1 will be unable to reach the phosphorylation site Ser366 in the STING tail (Zhang

et al., 2019; Zhao et al., 2019).

TBK1 has been shown to be essential for the innate immune response to transfected
DNA. The phosphorylation of STING at Serine 366 by TBK1 facilitates the recruitment
and phosphorylation of IRF-3 by TBK1 (Tanaka, 2012). Both TBK1 and IRF3

phosphorylation are required for the induction of type | interferons.
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Diagram 5: Changes in STING structure during ligand binding

(A) Binding of ligand cGAMP to STING induces huge conformational changes; the two

protomers in the complex undergo inward rotations relative to the twofold axis, creating

a deeper crevice between théeb3 wooppotfomemst wé
protomers move close to each other, forming alidofafour-st r anded anti parall
sheet, which is disordered in the apo state. Therefore, the cGAMP-bound STING is in

the closed state because of the lid formation of two protomers, while ligand free STING

in the absence of this lid is in an open conformation. (B) After ligand binding

oligomerisation of STING dimers can occur through interactions of the LBD. Structural

changed and oligomerisation described in (Hussain et al., 2022; Shang et al., 2019).

Diagram created in Biorender.
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It has also been shown in human macrophages and keratinocytes that optimal STING
activation is also dependent on another cytosolic DNA sensor: IFI16 (Almine et al., 2017;
Jansson et al., 2017). IFI16 appears to be essential for the full activation of STING and
co-operates with cGAMP to achieve this (Almine et al., 2017). IFI16 may also have a role
in promoting the production of cGAMP, but currently this has only been observed in
macrophages (Jgnsson et al., 2017). The role of IFI16 in the cGAS-STING pathway
could provide additional regulation to prevent over activation of STING and subsequent

downstream signalling.

Under normal conditions, levels of STING are tightly regulated as constant activity of
STING and downstream gene induction after dsDNA stimulation would lead to excessive
inflammation and damage to self. After activation, STING is normally degraded after
approximately 3-6 hours (Abe, 2014). This degradation has been shown to occur through
the autophagy pathway in the lysosomal compartment. Cells deficient in autophagy
proteins or treated with drugs that inhibit lysosomal acidification display enhanced type |

interferon production (Gonugunta et al., 2017).

A plethora of post-translational modifications (PTMs) are also important for both the
activation and regulation of STING. These not only aid successful activation and
downstream signalling but can also mark STING for degradation. An example of a PTM
that aids activation, SUMOylation of STING at K338 by TRIM38 inhibit STING
degradation and promotes oligomerization of STING and IRF3 recruitment (Hu et al.,
2016). Conversely, after activation STING can be deSUMOylated by SUMO-specific
protease (SENP)2 leading to STING degradation and inhibiting innate immune

responses (Hu et al., 2016).

As mentioned earlier, phosphorylation at Ser366 by TBK1 is important for the activation
of STING (Liu et al., 2015). Additionally other phosphorylation events at Y240 and Y245

by tyrosine kinase C-terminal src kinase (CSK) activates the immune responses after
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HSV-1 infection (Gao et al., 2020). Equally, the STING pathway can be downregulated
by both phosphorylation and dephosphorylation events. After activation STING can be
successively phosphorylated by UNC-51-like kinase (ULK1) at S366 so that sustained
innate immune responses are prevented (Konno et al., 2013). Dephosphorylation at
S358 by Mg2+/Mn2+-dependent protein phosphatase 1A (PPM1A) can also inhibit
STING aggregation and signalling (Li et al., 2015). Additional PTMs that STING
undergoes for regulation include glycosylation, palmitoylation, Ubiquitylation, nitro

alkylation and Carbonylation (Kang et al., 2022).

The consequences of a lack of regulation of STING activity can be demonstrated by the
autoimmune disease STING-associated vasculopathy with onset in infancy (SAVI),
caused by rare gain of function mutations in STING (Liu et al.,, 2014). This auto-
inflammatory disease is associated with excessive systemic inflammation, cutaneous
vasculopathy and interstitial lung disease (Liu et al., 2014). The mutations causing the
disease give rise to the constitutive activation of STING (Melki et al., 2017). Within cells
these mutations cause the spontaneous trafficking of STING to the golgi apparatus,
enhanced IRF3 phosphorylation and activation of downstream signalling leading to
abnormally increased production of type | interferons. Abnormal activation of STING has
also been associated with SLE which is characterised by excessive inflammation and
severe tissue damage (Kato et al., 2018). It remains controversial whether STING plays

a necessary role in SLE (Motwani et al., 2021).

It has been shown that autoinhibition of STING can be mediated by the binding of the
CTT tail to the ligand biding domain (Ergun et al., 2019; Qi et al., 2022; Yin et al., 2012).
In this bound formation the oligomerisation of STING necessary for its activation cannot
occur. The CTT tail is displaced from its inhibitory position by cGAMP binding to STING

and triggering a conformational change in the LBD.
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It was first hypothesised that the freed CTT would go on to initiate STING
oligomerisation, however STING lacking the CTT was found to be highly susceptible to
aggregation, even in the absence of an upstream signal and cGAMP binding. It was then
proposed that autoinhibition is achieved by CTT binding to and blocking the
polymerization interface located at the CBD (Ergun et al., 2019). This model was
supported by the SAVI STING mutant R284S, which is unable to bind the CTT, meaning
its polymerization interface is always free. The ability of STING to oligomerize in the
absence of upstream signal may explain why this STING mutant is constitutively active.
Due to the importance of STING polymerisation under normal conditions the prevention
of this process could be a promising option to inactivate STING for therapeutic use

(Hussain et al., 2022).
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1.3 Immune Evasion Strategies

Many pathogenic organisms employ immune evasion strategies to enable them to
establish infection and maximise the probability of being transmitted to a new host. For
obligate intracellular infections, such as Leishmania species, the avoidance of immune
detection long enough to gain entry to a host cell, replicate and disseminate to a new

host cell is reliant on successful immune evasion strategies.

A vast spectrum of different evasion strategies from all types of microorganisms has
been recorded, from passive avoidance of pattern recognition receptors to an active
evasion and modulation of the immune system components to benefit the pathogen
survival. Here a range of these immune evasion strategies used by bacterial, viral, fungal
and protozoal threats are reviewed. Leishmania species evasion strategies will be

described in the next section.

1.3.1 Avoidance dependent on structural changes

Immediately upon entry onto and into host tissues, pathogens must avoid detection from
a wide variety of cell types. PAMPS are often the primary manner in which detection can
occur. As these molecular structures are often essential to the structural integrity of the
micro-organism- for example, the bacterial structural component Lipopolysaccharide
(LPS)- eliminating expression of these molecular patterns is not an option. Therefore,
approaches to hide these motifs to prevent detection is a key immune evasion strategy

that many pathogens have evolved.

For some bacteria and fungi, a simple structural component, the outer capsule, is enough
to prevent detection of foreign PAMPs. The capsule may surround antigenic structures

present on the surface of a bacterium.

For example Staphylococcus aureus strains that express a capsule have been shown

to exhibit enhanced virulence and have anti-phagocytic properties (Thakker et al., 1998).
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Similarly, in certain fungi such as C.neoformans, the presence of a fungal capsule can
provide protection from the host immune system (Doering, 2009). In addition to simply
shielding antigens, the fungal capsule has been shown to induce the production of anti-
inflammatory IL-10, downregulating inflammatory immune response (Syme et al., 1999).
In other fungi, detection of PAMPS such as b-(1,3)-glucan can be reduced by the
expression of other fungal structures, e.g. Mannans which effectively shield these

PAMPS from recognition (Rappleye et al., 2007; Zhang et al., 2016)

Other pathogens may alter the structure of their PAMPS to prevent detection- Salmonella
typhimurium can modify the structure of Lipid A, the host signalling portion of LPS in
response to its environment. These LPS variants induce a weaker host immune
response and enhance pathogenicity (Guo et al., 1997; Matsuura et al., 2012). Similarly,
Yersinia pestis demonstrates a temperature dependent alteration of its Lipid A structures.
When grown at 37°C, expression of Lipid A genes that stimulate human macrophages
much more weakly are upregulated and allow uninhibited growth of the bacteria

(Matsuura et al., 2010).

Pathogens can degrade other PAMPs before detection can occur- P. aeruginosa is able
to prevent detection of flagellin by TLR 5 by secretion of a protein alkaline protease which
is able to degrade free flagellin (Bardoel et al., 2011). Some viruses also use this tactic
to prevent detection by cytoplasmic DNA sensors. For example, coronaviruses rapidly
degrade excess RNA that they produce before detection can occur (Kindler et al., 2017).
Other RNA viruses are able to modify the RNA they produce, which may also prevent it
from being recognised by RNA sensor RIG-1. Caliciviridae noroviruses covalently attach
protenVPg t o t he 508 eto dllowribosambl eecognitiéhMid translation
(Goodfellow et al., 2005). This activity can prevent recognition by the host as uncapped

MRNA is able to be recognised by host RNA sensors (Rohayem et al., 2006).
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Instead of altering their own host proteins to avoid detection, some strains of the
bacterium Borrelia burgdorferi can coat themselves with host derived complement
inhibitory factor H, promoting C3b degradation and avoiding complement mediated lysis
(Alitalo et al., 2001). Similarly S.mansoni acquire host antigens such as immunoglobulins
and erythrocyte antigens A,B,H and Lewis to mask target antigens on their surface

(Goldring et al., 1976; Kemp et al., 1977)

Antigenic variation can also allow pathogens to evade surveillance from the immune
system. A striking example of this is found in Trypanosoma parasites which are able to
repeatedly change the structure of their major surface antigen during extracellular
infection. These trypanosomes are coated with a variable surface glycoprotein (VSG) for
which the trypanosome genome contains around 1000 genes, each with distinct
antigenic properties. By using gene rearrangement to change the VSG expressed,
Trypanosomes are able to persist and avoid elimination as antibodies to each new VSG

will need to be continually produced by the host immune system (Mugnier et al., 2016).

Many viruses, such as influenza also are able to change the composition of their surface
antigens via point mutation of genes encoding surface haemagglutinin or neuraminidase
(Petrova and Russell, 2018). A more rare process of antigenic change termed antigenic
shift, can also occur during reassortment of RNA viral genomes of different influenza

viruses (Hale et al., 2010), resulting in a sudden change in the antigenicity of the virus.

1.3.2 Avoidance dependent on spatial separation of PAMPs and receptors

Instead of strategies to shield or alter PAMPSs, recognition may be more simply avoided
by some pathogens by the select invasion of specific anatomical sites where expression

of PRRs is less common or are immunological privileged sites.
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Some parasites, including Opisthorchis viverrini (Rana et al., 2007) reside in the hollow
organs of the host such as the bile duct where serum IgM and IgG antibodies cannot
reach. In pyelonephritis infection, bacteria such as E.coli are thought to infect human
tubule cells from the renal cortex that do not express TLR4 receptors (Backhed et al.,

2001).

Similarly, a technique used by some viruses to passively avoid recognition by
cytoplasmic PRRs is to not replicate within the cytoplasm where they are abundant.
Instead, some viruses form specific replication compartments within cellular membranes
or organelles. The mosquito-borne flavivirus DENV replicates in convoluted membranes
of the ER. This shields viral dsSRNA from detection by cytoplasmic RLRs (Uchida et al.,
2014). Similarly influenza virus limit PAMP availability to receptors such as RIG-I by
encapsulating viral RNA in ribonucleoproteins (Hale et al., 2010). Replication of the HIV
genome is carried out within the virus capsid where it is shielded from cGAS dsDNA

sensor (Jacques et al., 2016) .

Bacteria and fungi may avoid detection and attack from the immune system by forming
biofilms and residing within a matrix of polysaccharides, also known as the extracellular
polymeric substance (Donlan, 2002). Pseudomonas aeruginosa, the cause of chronic
respiratory infections, is one example of a pathogen able to persist within the host
organism due to its capacity to form biofilms which seclude it from the immune response

(Alhede et al., 2014).

1.3.3 Active evasion of the immune response

The active evasion of the immune response includes strategies such as pathogen
mediated degradation of receptors and the prevention of activating immune responses

by preventing or subverting downstream PRR signalling.

Resistance to humoral defence mechanisms
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Bacteria such as Streptococcus pneumoniae can degrade immunoglobulin, preventing
opsonisation and FC-receptor mediated phagocytosis (Wikstrém et al., 1984). The
parasite Trypanosoma cruzi is also able to digest all human IgG subclasses via the cation
of its cysteine protease Cruzipain (Berasain et al., 2003). Helminths can prevent antibody
detection and opsonisation by trapping antibodies in excretory products present on the
parasite surface. Parasite-derived proteases are then able to degrade the trapped
antibody. This mechanism has been demonstrated by the trematode Echinostoma

caproni but is expected also to be employed by other Helminths (Cortés et al., 2017).

Bacteria can express proteases that degrade complement molecules C1q, C3, C4 and
C5-9 (Wirzner, 1999) or acquire soluble complement inhibitors from the host to prevent
the destructive action of the complement cascade. Viruses, parasites and yeasts have
also shown the ability to evade complement in this way .(Abou-El-Hassan and Zaraket,

2017; Meri et al., 2004; Norris et al., 1991)

Recognition Receptor modification and degradation

In contrast to strategies that prevent detection by PRR receptors by changing or shielding
PAMPs, a more active approach is taken by some viruses. These strategies involve
degradation or interference of these receptors to prevent them from initiating

downstream signalling.

Degradation of RLR sensors can be caused by the direct activity of viral proteins, or
some viral proteins can interact with RLRs so that they are targeted for degradation by
host cell machinery. West Nile virus NS1 protein targets both RIG-I and MDAS5 for
degradation by the host proteasome (Zhang et al., 2017), while viral proteases such as
the 3C and 2A proteases employed by several picornaviruses can directly cleave RIG-

or adaptor protein MAVS (Barral et al., 2009; Feng et al., 2014; Mukherjee et al., 2011).
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Even if RLRs are left intact, other evasion strategies include the prevention of RIG-I
mitochondrial localization, as RIG-I and MDAS5 need to localise to the mitochondria to
initiate downstream signalling, (Chan and Gack, 2016). The active sequestration of
MDA5 and RIG-I to viral inclusion bodies (Lifland et al., 2012) and cytoplasmic

endosomes (Santiago et al., 2014) can also prevent optimal sensor activity.

Cytosolic DNA sensors are can also be targeted by viruses and other intracellular
pathogens. HSV-1 can inhibit activity of both cGAS and STING with ICP27 protein
targeting STING and VP22 protein inhibiting the enzymatic activity of cGAS. Viral NS2B
proteases produced by multiple viruses can cause the cleavage of STING to prevent
activity (Aguirre et al., 2012; Ding et al., 2018). Finally STING degradation can be
induced by human cytomegalovirus IE286 protein. Interestingly, IE286 protein facilitates

the proteasome-dependent degradation of STING (Kim et al., 2017)

Inhibition of host cell signalling and cytokine production

Inhibition of cell signalling downstream of PRRs can be subverted and inhibited by some
pathogens to evade the action of inflammatory cytokines and proteins. Yersina pestis
can suppress production of TNF-a, IL-1 and IL-8 pro-inflammatory cytokines by inhibiting

activation of transcription factor NF-kB (Schesser et al., 1998).

Studies have also shown that NS1 influenza proteins prevents the translocation of IRF-
3 (Talon et al., 2000) and NF-a BWang et al., 2000) into the nucleus after viral activation
of upstream signalling pathways, and preventing the expression of genes vital to
mounting an immune response against the virus such as the type I interferons. Similarly,
the parasite T.gondii also interferes with NF-kB activation pathways in macrophages
(Butcher et al., 2001), preventing inflammatory cytokine release and aiding survival

within the host.

56



Surviving inside the cell

Pathogens intent on surviving within the intracellular environment must avoid anti-
microbial mechanisms within the host cell. A prime example of this is acidification within
the phagosome, as many intracellular pathogens enter their host cell during

phagocytosis.

The parasite Trypanosoma cruzi survive within the phagolysosome by producing an
array of anti-oxidant enzymes after phagocytosis. These include peroxidase, catalase
and superoxide dismutase (SOD) and act to detoxify ROS before parasite damage and
death can occur (Ding et al., 2004). In a slightly different approach to phagosome survival
Mycobacterium tuberculosis can prevent the phagolysosome fusion event, by depleting
H+ ATPase molecules from the vacuolar membrane (Sturgill-Koszycki et al., 1994). This
prevents acidification and maturation of the phagosome protecting the bacterium from
degradation. Listeria monocytogenes simply escape from the phagosome after entry to
host cell due to the activity of a bacterial toxin able to disrupt the endosomal membrane
(Dramsi and Cossart, 2002). These bacteria then multiply within the cytoplasm of

macrophages.

Various fungal species are able to survive phagocytosis due to the presence of the
capsule which protects the fungal cell from ROS and radicals and other anti-fungal
molecules (Hernandez-Chavez et al.,, 2017). C.albicans yeast can also escape
phagocytosis by filamentation, as the growth of hyphae can perforate phagocytic cells
(McKenzie et al., 2010). Alternatively, C.albicans has also demonstrated high levels of

catalase which allows degradation of H.O, (Komalapriya et al., 2015).
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1.4 Leishmania and the innate immune response

Leishmania is a complex parasite that has evolved while in strict contact with its host
cell 6s i mmune system. This has allowed the d
mechanisms that will enable it to evade destruction and survive inside host cells. Many
of its immune evasion mechanisms, virulence factors and immunomodulatory effects
have been described (Atayde et al., 2016; Gomez et al., 2009; Gregory and Olivier, 2005;
Hallé et al., 2009; Kumari et al., 2022; Shio et al., 2015) and are vital for progressing our
understanding of host-parasite interaction. This is especially important if more effective
therapeutics that target crucial Leishmania proteins or their evasion mechanisms are to

be developed.

However, it is important to consider that every Leishmania spp. infection can manifest a
different disease state in the host (Gurung and Kanneganti, 2015), as infection with
different species can lead to several different host immune responses. In addition to
speciesss peci fic infection strategies, the hostds
may also impact on the course of disease progression and how an immune response
against this parasite is shaped. It is important to understand that there is currently no
defined or standard series of events that occurs upon the interaction of Leishmania
parasites and the innate immune response. Additionally, achieving consensus between
studies, especially those that feature different Leishmania species is a challenge,

especially between species that cause distinct forms of the disease.

1.4.1 Initial infection

Once inoculated into the host by the sand fly, it is imperative that Leishmania
promastigotes can quickly locate and enter a host cell. Upon entry to the epidermis

Leishmania will also encounter many host cells, including keratinocytes.
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Keratinocytes have a role in host defence against invading pathogens and release
cytokines and chemakines to attract immune cells to the site of infection. This also occurs
during Leishmania infection where keratinocyte interaction with Leishmania can lead to
the recruitment of neutrophils, activation of T cells and can have an impact on the course
of the infection (Ehrchen et al., 2010; Passelli et al., 2021; Roebrock et al., 2014; Scorza

et al., 2017; Teixeira et al., 2006).

The final host cells of Leishmania parasites are long-lived tissue-resident or monocyte-
derived macrophages, where they will differentiate from promastigotes to amastigotes
and proliferate (Rossi and Fasel, 2018). Other immune cells such as neutrophils (Chaves
et al., 2020; Peters et al., 2008), monocytes (Romano et al., 2017) and dendritic cells
(Feijo6 et al., 2016) will be recruited to the initial infection site and may also be infected

during the course of infection.

Neutrophils are most rapidly recruited to the site of infection and the first immune cells
to encounter Leishmania parasites (Muller et al., 2001; Peters et al., 2008). In addition
to keratinocyte mediated recruitment (Passelli et al., 2021), it has been shown that
promastigote secretory gel that is synthesized by Leishmania within the sand fly gut, and
also delivered into the skin also acts as a neutrophil attractant (Rogers et al., 2009).
Sand fly gut bacteria inoculated into the host at the same time as the parasite induce
inflammasome derived IL-1 b s ecr et i on, which also aids in n

al., 2018).

Generally, the role of neutrophils in infection is complex, as they can both assist in
clearance and survival of the parasite depending on the Leishmania species present.
However, a study has shown that neutropenic mice are resistant to non-healing lesions
caused by L.mexicana, suggesting that neutrophils have a role in disease progression.
It is suggested that they may promote infection by preventing the recruitment of other

immune cells to clear the parasite (Hurrell et al., 2015). This is in contrast to other
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Leishmania species such as L.amazonesis which are effectively killed by Neutrophil

extracellular traps (Hurrell et al., 2016).

Neutrophils can be infected by Leishmania parasites and even allow parasite replication
(Hurrell et al., 2017). They also have a key role in Leishmania transmission to their final
host cell, as phagocytosis of infected or apoptotic neutrophils by macrophages allows
transmission of parasites (Ritter et al., 2009). This means of delivery to macrophages
prevents macrophage activation (van Zandbergen et al., 2004) aiding in parasite

evasion.

1.4.2 Entry to the Macrophage

As Leishmania must enter a host cell in order to replicate, strategies that allow entry to
the macrophage without detection are necessary for successful disease progression.
Leishmania has developed multiple different approaches, including neutrophil aided
phagocytosis as described above. Leishmania virulence factors can also mediate many
of these methods of entry. Different species of Leishmania may rely on a variety of
macrophage receptors, including complement receptors (CRs), mannose receptors

(MR), fibronectin receptors and Fco rec

Virulence factor and surface protease GP63 can cleave the complement protein C3b to
its inactive form, iC3b. This prevents detection and destruction of the parasite by
complement-mediated lysis, and instead allows parasite entry via the CR3 (Brittingham
et al., 1995). CR3 has been shown to be the common entry receptor for several species
of Leishmania and allows entry to the parasite without triggering nitric oxide production.
GP63 on the parasite surface can also bind to human fibronectin receptors and allow

entry via this receptor (Brittingham et al., 1999).

60

eptors



In some species of Leishmania, the binding of host C-reactive protein (CRP) to the cell
surface virulence factor LPG triggers phagocytosis via the CRP receptor, without
activating macrophages and providing favourable conditions for intracellular replication

(Culley et al., 1996).

After transformation to amastigotes, the parasite must leave and re-infect nearby
macrophages. Due to a decrease in surface expression of LPG and GP63, amastigotes
have been shown to instead enter via a Fc receptor dependent method following

antibody opsonisation, rather than the above mechanisms (Guy and Belosevic, 1993)

1.4.3 TLRs and Leishmania infection

The TLRs are known to contribute to the innate immune response to Leishmania and
have a clear role in recognition and subsequent parasite control. The TLRs are also the
first receptors to recognize Leishmania-associated PAMPs after entry to the skin
(Bamigbola and Ali, 2022). Mice deficient in TLR adaptor MyD88 have been shown to be
highly susceptible to L.major infections (Muraille et al.2003), and mice deficient in TLR2
and TLR4 have larger lesions and higher parasite burdens than WT controls (Halliday et
al., 2016) confirming an important role for TLRs in controlling parasite infection.
However, some Leishmania spp subvert TLR signalling, exploiting TLR activation for

their own benefit or inhibiting it to ensure their survival.

TLR2, TLR3, TLR 4 and TLR 9 have all been implicated in the detection of Leishmania.
Glyco-sphingophospholipid (GSPL) (Karmakar et al., 2012) and proteoglycolipid
complex (P8GLC) (Whitaker et al., 2008) from Leishmania induce TLR 4 activation. TLR
9 recognizes unmethylated CpG DNA sequences, which are commonly found in
Leishmania (Gupta et al., 2015) and TLR 2 is able to recognise LPG (Becker et al., 2003;
de Veer et al., 2003; Srivastava et al., 2013), the most abundantly expressed surface
molecule of Leishmania. Finally, the endogenous TLR 3 recognises dsRNA and has also
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shown to be activated during Leishmania infection, specifically by the Leishmania RNA

virus 1 (LRV1) that is harboured by some Leishmania spp (Ives et al., 2011).

Activation of these TLRs by Leishmania can be essential for parasite control, with the
recognition of Leishmania DNA by TLR9 able to induce IL-12 production and lysis of
infected cells (Liese et al. 2007). Similarly LPG activation of TLR2 results in parasite
control through IL-12, NO and ROS production (Kavoosi et al., 2010, 2009; Rojas-

Bernabé et al., 2014).

However, as with many aspects of Leishmania infection, parasite-TLR interactions in
both activation and regulation can vary between species. Some TLRs can play a species-
specific role in activating a suitable immune response (Rossi and Fasel, 2017) for
example, TLR 2 promotes the clearance of L.mexicana, L. major and L. aethiopica
infection by promoting downstream NO and ROS production (Becker et al., 2003; de
Veer et al., 2003). However in other Leishmania species such as L.braziliensis (Vargas-
Inchaustegui et al., 2009) and L. amazonensis (Guerra et al., 2010) TLR 2 activation is
thought to have a regulatory role that favours parasite survival, as infections with
parasites deficient of TLR 2 had better parasite control compared to the WT. These
differing roles may depend on variable expression of different PAMPS on the surface of

different Leishmania species, but this is yet to be confirmed (Rossi and Fasel, 2018).

Another TLR interaction with Leishmania that varies between species is the activation of
TLR 4. During L.major (CL causative) infection, the Leishmania protein known as
inhibitor of serine peptidases (ISP) 2 inactivates host neutrophil elastase (NE) present at
the macrophage surface, resulting in blockade of TLR4 activation leading to enhanced
parasite survival (Faria et al., 2011). However in L. donovani (VL causative) ISP2 is
absent or only expressed at low levels, and instead L. donovani uses the host NE-TLR
activation for its own benefit, as the downstream production of IFN-b is beneficial for L.

donovani parasite survival and growth during early infection (Dias et al., 2019). This
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confirms how different Leishmania species can have completely different evasion

mechanisms to facilitate early infection and the establishment of infection.

The suppression of TLR signalling pathways following some Leishmania infections can
also be demonstrated by a lack of response to PAMPs derived from pathogens other
than Leishmania. Leishmania infection can also inhibit LPS (a TLR 4 agonist) induced
IL-12 production (Belkaid et al., 1998; Cameron et al., 2004; Chandra and Naik, 2008;
Lapara and Kelly, 2010) and downregulate Pam3cys (a TLR 2 agonist) stimulated IL-
12p40 production (Chandra and Naik, 2008). This suggests that Leishmania infection
has a wider impact on the innate immune response that is not limited to its own evasion,
but also that of other pathogens. This may contribute to why secondary bacterial and
viral infections can be so serious in Leishmaniasis patients and are often the ultimate

cause of death in severe cases.

1.4.4 NLRs and Leishmania infection

After the TLRs, the interaction of Leishmania and the NLR pathway is probably the next
most well researched of the PRRs, although studies vary in demonstrating whether NLR

activation positively or negatively affects the host during disease.

One of the first studies concerning Leishmania and the NLRP3 inflammasomes showed

that many Leishmania spp, including L. mexicana, induce caspase-1 activation and IL-

16 producti on upon mBimarJonrh et gak, 2013) fpwroating o n
Leishmaniaki I | i ng through NO production. Disruptio
parasite, just like that of the TLRs, has also been demonstrated; GP63 prevents NLRP3
inflammasome activation by directly cleaving NLRP3 (Shio et al., 2015). In contrast to

the observed protective role of the NLRP3 inflammasome activation in L.mexicana,

Gurung et al (2015) have shown that during L.major infection of susceptible mice,

activation of the NLRP3 inflammasome is detrimental to the host, partially due to IL-18
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induction (Gurung et al., 2015). Again, as with the TLRs there seems to be significant

species variation in the interaction with host PRRs.

The NOD?2 receptor has also been shown to important in the recognition of new world
Leishmania species such as L.amazonensis or L.braziliensis in human PMBCs. NOD2
was shown to be crucial for the subsequent intracellular killing of Leishmania and
induction of innate and adaptive immune responses after recognition (dos Santos et al.,
2017). In contrast the NOD1 receptor was not deemed to be important for these
responses. Another study in mice also showed that activation of the NOD2-RIP2 pathway
by L. infantum was necessary for the development of a protective Th1l immune response

(Nascimento et al., 2016).

More recently Leishmania infection has been shown to cleave and subvert the normal
functions of Gasdermin-D (de Sa et al., 2023). Gasdermin-D is an important
inflammasome component (He et al., 2015) required for pyroptosis and NLRP3
inflammasome activation. Despite subversion of this pathway, this study also showed
that Gasdermin-D KO mice exhibited less NLRP3 inflammasome activation and were
highly susceptible to infection by several Leishmania species, therefore confirming the
role of Gasdermin-D and NLRP3 activation for inflammasome-mediated host resistance

(de Sa et al., 2023).

Further research will be needed to allow a complete picture of whether different aspects
of NLR signalling are host detrimental or host protective when activated by different

species of Leishmania.
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1.45 RLRs and Leishmania infection

To date there has been very little research into interactions between Leishmania and the
RLRs. It could be expected that RLRs would have a role in the detection of the dsSRNA
virus LRV1 harboured by some Leishmania species in a similar way to how TLR3 has
been shown to detect LRV1 (lves et al., 2011). However, experiments by Hartley et al
(2018) have shown that in mice cells lacking RLR adaptor molecule MAVS did not affect
the response to parasites positive for LRV1. This suggests that LRV1 dsDNA is not

detected by RLRs upstream of MAVS during infection (Hartley et al., 2018).

1.4.6 Cytoplasmic DNA sensors and Leishmania infection

There has been a lack of investigation into interactions between Leishmania and the
various cytoplasmic DNA sensors. This is somewhat surprising as Leishmania
completes its lifecycle within parasitophorous vacuoles located within the cytoplasm of
macrophages. While the parasites confinement to this vacuole will provide protection
from some detection, secreted virulence factors have been shown to consistently reach
the cytoplasm and even nucleus of the host cell to interact with host signalling pathways.
This suggests some transfer of parasite molecules into the cytoplasm does occur. It is
possible that cytosolic DNA sensors will be able to detect Leishmania DNA if it leaks into
the macrophage cytosol during parasite uptake and replication within the

parasitophorous vacuoles. (Sun and Cheng, 2020)

While there has been limited research on Leishmania and the cytoplasmic DNA sensors,
a very recent paper has described activation of the cGAS-STING DNA sensing pathway
during L.major infection of human THP-1 macrophages (Yilmaz et al., 2022). Here it was
shown that the delivery of isolated L.major kinetoplast DNA (kDNA) to the cytosol was

able to activate cGAS and downstream signalling to promote a pro-parasitic state.
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Collectively, these results suggest that Leishmania parasites may hijack the cGAS-

STING-TBK1 signalling pathway to their own advantage.

STING has also been identified as a protein of interest following Leishmania major and
Leishmania amozenesis infections in BALB/c mice and in vitro assays using the murine
J774 macrophage cell line. Proteomic analysis of these Leishmaniasis models found that
STING was the most upregulated protein after infection with these Leishmania species.
Additionally, upstream analysis from cutaneous lesions in these infected mice predicted
STING activation. This suggests that STING activation and upregulation is likely to occur
during Leishmania infection and appear to agree with findings by Yilmaz et al (2022)
described above that also suggest that STING activation induced by Leishmania occurs

in human cells during infection.

IFI16 is another cytoplasmic DNA sensor and known to have a role in the full activation
of STING where it co-operates with STING ligand cGAMP to achieve this. Blood
transcriptomics of cutaneous leishmaniasis patients has identified IFI16 as a biomarker
for healed CL. IFI16 was found to be overexpressed in the skin and blood of Leishmania
tropica CL patients who had resolved the disease (Bahrami et al., 2022). This would
appear to suggest that IFI16 upregulation is associated with CL resolution. More
research will be required to understand if IFI16 has an active role in this resolution, and

if this is due to its activity as a DNA sensor or involvement with STING activation.

1.4.7 Cytokine release

The initial host innate immune response to Leishmania is important during the early
stages of infection, however parasite control and clearance also depends largely on T

cell-mediated immunity and cytokine release from many different immune cells.
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The cytokine response is important for determining disease outcome, whether it be to
the benefit or detriment to the host. Host cytokine production can also be inhibited by
Leishmania through the degradation of transcription factors that regulate their gene
expression. For example Leishmania virulence factor GP63 mediated degradation of the
AP-1 transcription factor may cause inhibition of TNF-U ,, IL-1 b a n1® prdduction
(Foletta et al., 1998; Gomez et al., 2009; Hallé et al., 2009; Newell et al., 1994; Zhu et
al., 2001), adding further to the complex regulation of cytokines during Leishmania

infection.

Following much investigation within animal models, the cytokine response to Leishmania
can be generally simplified into either a strong Thl or Th2 immune response. (Ajdary et
al., 2000; Dayakar et al., 2019; Reiner and Locksley, 1995; Sacks and Noben-Trauth,
2002; Scott, 1991; Torres-Guerrero et al., 2017). A Thl response is known to be host
protective in models of both CL and VL (Castellano et al., 2009; Samant et al., 2021),
whereas a Th2 response can be permissive for Leishmania growth and progression of

the disease.

A Th1 response is associated with the production of cytokines IL-12, IFN-0  a n d-UT NF
in addition to nitric oxide (NO), and reactive oxygen species (ROS) for parasite control
(Kaye and Scott, 2011). IL-12 is mainly produced by activated macrophages and
dendritic cells and can bridge the innate and adaptive immune responses (Abdi, 2002;
Sartori et al., 1997), as it drives the TH1 response, and promotes T cell proliferation
(Manetti et al., 1993; Yoo et al., 2002) In vivo studies showed that IL-12 produced in
response to Leishmania in mice controls Th2 expansion in addition to increasing the Thl
type response (Dayakar et al., 2019; Heinzel et al., 1995; Sypek et al., 1993)
Neutralization of IL-12 during early and late infection has shown to lead to a more serious
disease in L.donovani infections, again highlighting its importance in parasite control

(Engwerda et al., 1998)
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The Th2 response is associated with the secretion of Interleukin IL-4, IL-10 and

transforming growth factor-beta (TGF-b) ( Dayakar et al ., 2019).

IL-4 is associated with down-modulation of IFN-2-mediated macrophage activation (1,
17) while IL-10 suppresses macrophage killing of Leishmania (Bhattacharyya et al.,
2001; Vieth et al., 1994). IL-10 KO mice are also much more resistant to Leishmania
infection (Belkaid et al., 2001; Murphy et al., 2001), confirming the role of IL-10 in aiding

parasite survival.

However, while still useful for experimental models of Leishmaniasis, a clear functional
dichotomy in CD4 T cells during human Leishmaniasis has not been documented and
the Th1l-Th2 balance is more complex. For example, while important for parasite
clearance, excessive inflammatory cytokine production also directly contributes to the
central pathology of CL by causing tissue damage (Maspi et al., 2016). The various roles
of TNF-U during infection can demonstrate this complexity. Macrophage production of
TNF-U a s s iLesshngania clearance by increasing macrophage activity and promoting
NO synthesis (Liew et al., 1997) and mice deficientin TNF-U , and i h.fmajot ed wi |
parasites showed fatal visceral Leishmania infection (Wilhelm et al., 2001), despite the
production of other inflammatory cytokines by infected macrophages. However, although
TNF-U production seems to be Iestsnanataniadreasedbr pr op
level of TNF-U i s associated with tissue deasgructio

lesions (Antonelli et al., 2005; Bacellar et al., 2002; Oliveira et al., 2011).

Furthermore, host production of anti-inflammatory IL-10 to prevent excessive tissue
damage can be induced but may be inadvertently beneficial to Leishmania by allowing
them to persist within the cell and disease progression to occur (Castellano et al., 2015;

Maspi et al., 2016).
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1.4.8 Leishmania virulence factors

The virulence of Leishmania parasites relates to parasite infectivity, invasiveness, and
the degree of disease establishment within the host. Virulence factors are molecules
produced by a pathogen that loss of would significantly impact their virulence but not
necessary their viability (Bifeld and Clos, 2015). Leishmania parasites have evolved a
wide range of membrane-bound and secreted virulence factors that act in many different
ways to aid pathogenesis and evade the host immune response. Here several of the

most well researched and abundant virulence factors are described.

1.4.7.1 Lipophosphoglycan (LPG)

As with other parasites of the Trypanosomatid family, the surface of Leishmania is
composed of a dense glycocalyx composed of glycosylated proteins and glycans
(Ferguson, 1997). During the promastigote stage, Lipophosphoglycan (LPG) is the most
abundant surface glycoconjugate and aids parasite virulence in many ways. This is in
contrast to the amastigotes stage when LPG expression is highly downregulated (Franco
et al., 2012; Turco and Sacks, 1991). This supports the idea that different immune
evasion strategies are used by Leishmania at different life cycle stages and suggests
that LPG is most crucial for aiding promastigotes in the initial infection of host

macrophages.

LPG is known for its wide range of functions that aid in the virulence of Leishmania during
the initial stages of infection, allowing the parasite to establish infection within its chosen
host cell. After entry to the host, LPG can protect metacyclic promastigotes from
complement-mediated lysis. The long length of LPG during this lifecycle stage prevents
the attachment of complement membrane attack complex (MAC) and pore formation on
parasite surface (Franco et al., 2012). LPG is also key for facilitating silent entry of
promastigotes into the macrophage through the interaction of several host receptors.
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LPG can bind to complement receptor CR3 (Puentes et al., 1988; Talaméas-Rohana et
al., 1990) and intergrin receptor p150/95 (Mosser and Brittingham, 1997; Talamas-

Rohana et al., 1990).

Once phagocytosed LPG allows survival of the parasites by delaying the fusion of the
phagosome and lysosome (Vinet et al., 2009). Additionally LPG can interfere with the
assembly of a functional NADPH oxidase complex at the phagosome membrane, again
interfering with host innate defence mechanisms (Lodge et al., 2006). LPG can also
prevent damage to Leishmania from reactive oxygen intermediates by acting as a

scavenger of oxygen radicals (Chan et al., 1989).

LPG is also able to disrupt more macrophage functions including inhibiting the activation
of Protein kinase C (PKC) a key macrophage signalling protein, (Descoteaux et al.,
1992), and inhibition of cytokines IL-12 and IL-1 b at tramstriptional level

(Hatzigeorgiou et al., 1996; Piedrafita et al., 1999)..

The many activities of LPG are crucial to virulence and survival of many Leishmania
species and helps to provide a permissive environment within the host cell for
differentiation and replication of amastigotes. Despite this, the activity of LPG is likely to
have redundancy with other Leishmania virulence factors as it was shown that LPG

deficient L.mexicana is just as virulent the wild-type (llg, 2000).

1.4.7.2 Proteases

Many different classes of proteases have been shown to have a role in the establishment
of Leishmania infection. These include serine proteases, cysteine proteases, aspartic
proteases, metalloproteases and threonine proteases among others. During infection
proteases can degrade a multitude of target proteins and peptides to aid tissue invasion,

parasite propagation and dysregulate the immune response.
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GP63

Discovered in the 1980s, glycoprotein 63, also known as Leishmanolysin was considered
the major surface antigen of Leishmania (Bouvier et al., 1985; Chang et al., 1986), GP63
is found in many different Leishmania species and is thought to be critical for immune
evasion by the parasite. There are multiple genes encoding GP63, and these are highly
conserved between different Leishmania species (Webb et al., 1991). GP63 also has
structural homologs in other protozoa such as Trypanosoma sp (Cuevas et al., 2003)

and Trichomonasvaginalis (Ma et al., 2011).

GP63 is a zinc-dependent metalloprotease found on the cell surface of both the
promastigote and amastigote form of Leishmania. GP63 is highly abundant, especially
on promastigotes where it comprises 1% of the total proteome, approximately 500,000
molecules per cell (Bouvier et al. 1995). Expression of the protein varies between the
two primary lifecycle forms, with amastigotes expressing significantly less GP63 than the
promastigote form (Schneider et al., 1992). This appears to suggest that GP63 activity
will be much higher in the promastigote form; however, it has been noted that on
amastigotes there is also significantly less expression of other surface proteins (e.g.
LPG) that may normally restrict GP63 substrate access. In the promastigote form the
majority of GP63 is anchored to the parasite cell surface by means of
Glycosylphosphatidylinositol (GPI)- a short glycolipid that may be attached to the C-
terminus of a protein during posttranslational modification. GP63 is also secreted directly
from the parasite or within extracellular vesicles (Arango Duque et al., 2019). GPI
anchored GP63 is released continuously from the parasite cell surface due to

autoproteolysis mechanism (McGwire et al., 2002; Yao et al., 2007).

GP63 can cleave a wide range of proteins, a quality which allows it to disrupt multiple

signalling pathways and mechanisms at once within the host macrophage cell to benefit
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the parasite. I't has been shown (Bduaeret&P 630 s

1990) suggesting that GP63 cleaves between polar and hydrophobic residues at position

P1 and P01 with basic residues at positions

shown also to degrade extracellular matrix proteins such as fibrinogen aiding in parasite
migration towards host cells and tissue infiltration (McGwire et al., 2003). GP63 also has

a role in facilitating parasite entry to the macrophage via complement receptors.

Notably, GP63 can subvert the macrophages own complex signalling regulatory system
for its own benefit. Through cleavage events, it is able to activate multiple intracellular
protein tyrosine phosphatases (PTPs) such as SHP-1, TCPTP and PTP1B, which then
negatively regulate various cell signalling pathways, many downstream of TLRs, by
cleaving/degrading key molecules (Gregory and Olivier, 2005). GP63 is also able to act
directly on other key signalling components leading to their degradation or cleavage to
smaller protein fragments. Leishmania GP63 cleaves major transcription factors of
macrophages such as STAT1, NF-a B a n-d (AmRle et al.,, 2016). GP63 partially
degrades NF-e B s u b uto praducp @35, which heterodimerizes with another NF-a B
subunit p50. This heterodimer prevents transcription of NF-a Bregulated genes, such
as iINOS and IL-12 that important for parasite control, but do induce transcription of
Leishmaniasis-promoting chemokines such as macrophage inflammatory protein (MIP)
10 and (Gregbryebal., 2008a; Guizani-Tabbane et al., 2004). Key innate immune
signalling components affected by GP63 directly or indirectly within the macrophage are

summarised in Table 3.

An abundance of research into the activities of GP63 have demonstrated that it has a
key role in the virulence of Leishmania sp. However, a recent re-examination of the
activities of the metalloprotease have suggested it may not degrade as many intracellular
targets as previously suggested (Guay-Vincent et al., 2022). Further research will be

needed to confirm this re-evaluation.
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Table 3: GP63 interaction partners within the macrophage

Many of these parasite targets are involved in host signalling or pathogen control

activities. Blue highlighting indicates when activity on targets is indirect.

Target Mechanism (Indirect) Species first | Reference

reported to occur

AP1 GP63 enters the nucleus of | L.major, L.donovani, (Contreras et

the host macrophage to L.mexicana al., 2010)

cleave c-Jun and c-Fos

subunits
C3b Cleaved to inactive C3bi L.major, L.mexicana, | (Brittingham et
L.donovani, al., 1995)
L.amazonensis
Ch4 Cleaved by GP63 L.major, L.donovani (Hey et al
1994)
¢c-JUN Degraded by GP63 L.mexicana (Contreras et
al., 2010)

73



MARCKS MRP | Cleaved by GP63 l.major (Corradin et al.,
1999)
MTOR/mMTORCL1 | Cleaved by GP63 L.major (Jaramillo et al.,
2011)
NF-kB p65 Degraded by GP63 and L. donovani, L. major, | (Gregory et al.
induces the translocation of L. mexicana, and L. | 2008)
a modified form of NF-kB to (Viannia) braziliensis,
the nucleus, named P35
RelA, shown to pair with P50
instead of the canonical P65
RelA
NLRP3 Formation abrogated due to L mexicana (Shio et al.,
observed GP63-dependent 2015)
cleavage of inflammasome
and inflammasome-related
proteins
Nucleoporins Degraded by GP63, and (Isnard et al.,
allows access to TFs. 2015)
P130 cas Cleaved by GP63 L.major (Hallé et al,
2009)
Pro-IL-1B Cleaved by GP63 L.major/ L.mexicana (Shio et al
2015)
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PTP-1B Cleavage of L.mexicana L.major (Gomez et al.,
portion by GP63 to activate 2009)
SHP-1 Cleavage of

portion by GP63 to activate

L.major, L.mexicana

(Gomez et al.,

2009)

SNARE-VAMPS8

Cleaved by GP63

L.major, L.donovani

(Matheoud et

al., 2013)
STAT1 Degraded by GP63 (and | | . iana (Casgrain et al.,
CPB) 2016)
TC-PTP Cleavage of L.maijor (Gomez et al,

portion by GP63 to activate

2009)
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Cysteine Proteases

Another of the most-studied virulence components of Leishmania sp are the cysteine
proteases (CPs), a broad group of papain-like enzymes that have an essential role in
Leishmania biology as well as their virulence activities. CPB is the most studied CP and

has many different host targets.

Similar to GP63, CPB has been shown to modulate macrophage protein tyrosine
phosphatases and transcription factors NF-a B, S T AAP1l (AbwrOhyyeh et al.,
2010; Cameron et al., 2004) during L. Mexicana infection. However, in contrast to GP63
CPB completely degrades NF-a B s u b@b,mrathter than cleaves it to a smaller form

(Cameron et al., 2004).

Besides transcription factors, CPB can also cleave MHC-II protein within the macrophage,
preventing antigen presentation and thus activation of the Thl immune response (De

Souza Leao et al., 1995)

CPs have also been shown to potentially be able to modulate parasite GP63 expression
(Casgrain et al., 2016), as expression of GP63 is inhibited in CPB deficient L.mexicana
parasites. CPB has also been implicated in parasite survival within macrophages by
participating in the formation of parasitic vacuoles within macrophages that L.mexicana

can replicate within (Casgrain et al., 2016).

Interestingly CPs have shown to be important for determining Leishmaniasis disease
localisation. In L.donovani and L.major a single nucleotide polymorphism in genes
encoding CPs has been identified as the determining factor in whether the resulting

parasite infection will be dermatropic or viscerotropic (Hide and Bafiuls, 2008).
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1.4.7.3 Elongation Factor 1U

El ongati on Rad3alnown GTP-binding protein involved in protein synthesis
across eukaryotes. In addition to this function within Leishmania parasites, E F 1dlso acts
as a successful virulence factor. The most well-known virulence activity o f  Eif tb hind
and activate host SHP-1 (Nandan et al., 2002) leading to macrophage inactivation, similar

to an activity of virulence factor GP63.

It has also been established that LeishmaniaEF-1 U b i n d s -lvniadistincBamner
compared to host EF-1 Uand also that hostEF-1 U b i n di rlgloes rot reStHt i its
activation (Nandan and Reiner, 2005). These differences between host and Leishmania

EF-1 U h identdied it as a possible therapeutic target.

1.4.7.4 Heat shock proteins

The heat shock proteins (HSPs) are essential for allowing survival of Leishmania as they
transition between vastly different conditions within the sandfly gut and mammalian host.
Leishmanial HSPs allow the parasite to survive harsh conditions such as the acidic pH of
macrophage vacuoles and any potential heat induced damage as they transition to a new
host with a 10°C temperature increase (Prasanna and Upadhyay, 2021). HSPs ensure
parasite survival by assisting in protein folding to prevent aggregation and degradation,

but are also involved in parasite differentiation and virulence (Kumari et al., 2022).

HSP100 in particular has an immunomodulatory role during infection involving the
regulation of extracellular vesicles (EVs) secreted by Leishmania. These EVs are able to
suppress the hostimmune response and can promote disease progression. In Leishmania
donovani parasites lacking HSP100, the EVs released had a different composition
compared to the WT and lost some of their immunosuppressive impact on host immune

cells (Silverman et al., 2010). HSP100 is also implicated in the successful differentiation
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of promastigotes to amastigotes (Krobitsch and Clos, 1999) demonstrating that a loss of
these proteins will have a significant impact on parasite virulence and disease

development.

1.4.9 Leishmania derived extracellular vesicles

Another way that Leishmania parasites prepare for and can perpetuate infection is by the
secretion of extracellular vesicles (EVs). EVs, also referred to as exosomes are
endosomal vesicles between 30-150 nm of diameter and are produced by the majority of
eukaryotic and prokaryotic cells (Johnstone et al., 1987; Rajput et al., 2022). These small
vesicles can encapsulate a variety of proteins, lipids, DNA, RNA, miRNAs and lipids
(Mathivanan et al., 2012) which are delivered from the host cell into the external

environment where they may be delivered or taken up by recipient cells.

After uptake these EVs can release their cargo which may influence physiological and
pathological processes (Rajput et al., 2022). These EVs have been described to have a
role in cell to cell communication (Mathivanan et al., 2010; Yuan et al., 2017; Zhou et al.,
2017), tumour development (Skog et al., 2008), autoimmune diseases (Turpin et al., 2016)
and during infectious diseases (Hosseini et al., 2013). EVs are proposed to be used as
biomarkers, especially for cancer (Araujo-Abad et al., 2022; Skog et al., 2008) and for

therapeutic purposes in diseases as a drug delivery system (Chung et al., 2020).

EVs are a significant component of the Leishmania secretome. They are secreted both
within the sandfly midgut (Atayde et al., 2015) and when inoculated into the skin of their

mammalian host (Hassani et al., 2011; Silverman and Reiner, 2012).

EVs containing Leishmania derived proteins are able to enter macrophages before the
parasite and prime them for parasite invasion by mediating immunosuppression and can

contribute to disease progression. (Barbosa et al., 2018; da Silva Lira Filho et al., 2021,
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Das et al., 2021; Silverman and Reiner, 2012). Leishmania virulence factors such as GP63
and elongation factor la have been identified as key components of these exosomes
(Silverman and Reiner, 2012). GP63 was shown to be crucial to the suppression of the
immune response by these EVs, as GP63-deficient EVs had much reduced

immunomodulatory abilities and also a different EV protein content (Hassani et al., 2014)

It has also been discovered that Leishmania infection can alter the cargo of host
macrophage EVs (Gioseffi et al., 2020; Hassani and Olivier, 2013). Other intracellular
pathogens have also been shown to alter the EVs produced by their host cells (Rezaie et
al., 2021; Schorey et al., 2015; Zhang et al., 2018) and this is seen as an additional
strategy to mediate immune modulation and disease progression during infection from the
safety of a host cell. This seems to also be the case with EVs released by Leishmania
donovani infected cells, as these altered EVs may play a role in lesion development during
disease by promoting vascular changes during infection (Gioseffi et al., 2020). Currently
this area of EV research is understudied, and further work will be required to further
determine the significance of altered EVs released from infected cells Leishmania

infection.
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1.5 Gaps in knowledge

There is still much to be discovered surrounding the innate immune response to
Leishmania infection and the many different strategies Leishmania utilises to evade the
immune response. For example, a more complete understanding of the role of different
PRRs during infection with varying species of Leishmania could help to develop an
adjuvant for a Leishmania vaccine or a more targeted drug without the limitations of

chemotherapeutic agents.

While a complete understanding of how Leishmania interacts with the TLRs and PRRs
may be complicated by the many species-specific interactions, it is clear that these PRRs
and their downstream signalling pathways are targeted as part of their immune evasion
strategy. Therefore, whether Leishmania mexicana can inhibit additional PRRs other than
the TLRs and NLRs is a pertinent question. In comparison to the TLRs and NLRs, there
is a clear lack of research into the other key PRRs- namely the cytoplasmic sensors

including RLRs and cytoplasmic DNA sensors.

The immune response necessary to control Leishmania infection can be species specific
(Rossi and Fasel, 2018) which can complicate and confound efforts to develop a more
effective vaccine or standard treatment for the disease. While a species-specific
formulation may be most effective for this, it is possible that with greater understanding
and research a more suitable therapeutic target, effective against a range of Leishmania
species, will be identified. While treatments based on inhibiting Leishmania virulence
factors have been suggested (Chhajer et al., 2016; Das et al., 2020; Olivier and Hassani,

2010), it would first be desirable to more fully characterise the range of virulence factors.

Despite the discovery of several key Leishmania virulence factors, including the major
surface protease GP63, as well as many of their host interaction partners, we are still far
from a full understanding of how Leishmania exploit and evade the human immune system

to perpetuate their infection. The haploid genome of Leishmania spp is organised into 30
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chromosomes (lvens et al., 2005). An analysis of the L.mexicana genome predicted a total
of 9,169 putative protein-coding genes, of which 936 have not been previously described
(Fiebig et al., 2015). It is highly possible that more proteins involved in the host-parasite
interaction are still yet to be characterised and could play an essential role in immune
evasion. This study also revealed that proteins of unknown function are among the most
upregulated genes during amastigote stage of Leishmania suggesting many could have a

key role during this stage (Fiebig et al., 2015).

Furthermore, due to the promiscuous enzymatic action of GP63 it is also likely that many
targets of GP63, are yet to be identified. While the interaction of GP63 and other virulence
factors with some components of signalling cascades downstream of the TLRs has been
reported, there has been little to no investigation of Leishmania infection involvement with

cytosolic PRRs reported e.g. RLRs and cytosolic DNA sensors.
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1.6 Project Aims

In this thesis, changes to the innate immune response during the early hours after in vitro
Leishmania mexicana infection within macrophages is investigated. In this project, we will
aim to investigate how Leishmania mexicana parasites modulate and/or inhibit the host

immune innate response to evade detection by the macrophages they live in.

Our aims for this project are:

1 To determine if Leishmania mexicana can dysregulate pattern recognition
receptors and downstream signalling during Leishmania mexicana infection of

macrophages.

1 To determine if intracellular DNA and RNA receptors play a role in detecting
Leishmania within macrophages, and if Leishmania infection can inhibit

cytosolic DNA sensing pathways or RLRs.

1 To determine if any additional Leishmania virulence factors that target host

proteins involved in innate immune signalling can be identified.

82



Chapter 2: Materials and Methods

2.1 Composition of buffers used in experiments

T

10x Running Buffer

0.25M Tris base, 1.92M Glycine, 1% (w/v) Sodium Dodecyl Sulphate (SDS)

10x Transfer Buffer

0.25M Tris base, 1.92M Glycine

10x Tris Buffered Saline (TBS)

0.2M Tris base, 1.5M NacCl

10x Phosphate buffered Saline (PBS)

0.1M NazHPO4, 1.37M NaCl, 0.018M KH2PO4, 0.027M KCI

3x SDS Sample buffer

62.5mM Tris-HCI (pH 7.4), 2% (w/v) SDS, 10% (v/v) Glycerol, 0.1% (w/v)
Bromophenol Blue, 50mM Dithiothreitol (added just before use)

50x TAE

2M Tris base, 5.7% (v/v) Glacial acetic acid, 50mM EDTA (pH 8)

Staining Phosphate Buffer

7.2 mM NazHPO4, 2.8mM NaH,PO, (pH 7.2)

Mammalian Cell Lysis Buffer

50mM Tris-HCI (pH 7.5), 1mM EDTA, 1mM EGTA, 1% (v/v) Triton X-100, 1mM
Sodium Orthovanadate, 50mM Sodium Fluoride, 5mM Sodium pyrophosphate,
10mM Soddgluypc ébr ophosphate, 0. 1mM PMSF,
3x DNA Loading Buffer

30% (v/v) Glycerol, 0.025% (w/v) Bromophenol blue, 0.025% Xylene cyanol
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2.2 Cell Culture

THP-1 cells (ECACC) were grown in complete RPMI (Roswell Park Memorial Institute)
1640 medium (Life Technologies) supplemented with 10% (v/v) Fetal Calf Serum (FCS)
(Sigma), 50¢eqg/ ml Gentamycin (Life Technol ogi e
Technologies). Cells were grown in suspension and maintained at cell densities in the
range 2-9x10°cells/ml at 37 °C, 5% CO,. STING-/- and IFI16 -/- THP-1 cell lines (Jgnsson
et al., 2017) were also used and kindly gifted by Martin Roelsgaard Jakobsen (Aarhus

University, Denmark).

For differentiation and use in experiments the THP-1 cell suspension was pelleted and
resuspended in complete RPMI at a concentration of 0.8x10° cells/ml. The cells were
treated with 100nM PMA (phorbol-12-myristate-13-acetate) (Sigma-Aldrich) in the culture
media for 48 hours. After 48 hours, the cells became adherent and resembled spindle-
shaped macrophages. PMA containing media was then washed away and cells were

rested in fresh media for a minimum of 2 hours before further use.

Mouse bone marrow derived macrophages were obtained from C57BL/6 WT Mice and
differentiated using macrophage colony-stimulating factor (M-CSF). Cells were seeded at
1 x 10%/well in 6 well plates and cultured for 7 days in RPMI-1640 medium (Sigma Aldrich),
2mM L-Glutamine (GIBCO), 10% (v/v) FCS (Sigma) and 20 ng/ml M-CSF (Peprotech),
fresh medium was added on days 4 and 6. Cells were harvested on day 7 with PBS
containing 3mM EDTA and 10mM glucose. Harvested cells were seeded at 0.8 x 10%/ml

and left 2 hours to adhere before subsequent use in experiments.

Human Embryonic Kidney 293 (SV40 large T antigen) (HEK293 T) cells (Thermo,
#HCL4517) were cultured in DMEM (Dulbecco® Modified Eagle® Medium) (Life
Technologies) supplemented with 10% (v/v) FCS

Technologies). Cells were split every 2-3 days.
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Immortalised human keratinocytes (HaCaTs) were grown in DMEM (Dulbecco& Modified
Eagle® Medium) (Life Technologies) supplemented with 10% (v/v) FCS (Sigma) and

50¢ g/ ml Gentamycin (Life Technol ogies).

2.3 Leishmania mexicana culture

Promastigotes

Strain MNYC/BZ/62/M379 Leishmania mexicana parasites were grown in Medium 199
(M2199) with hanks salts, HEPES and L -glutamine (LONZA), which was supplemented by
the addition of 10% heat-inactivated FCS (Sigma), 100x BME (Basal Medium Eagle)

vitamins (Sigma-Al dri ch) and 25¢g/ ml GeAldticaimyci n sul phat

This medium was further supplemented with 2% sterile human urine (Innovative Research
Inc) and 20% heat inactivated FCS (Sigma) for use when promastigote growth was slow.
The parasites were passaged to 5x10° parasites/ml and incubated at 26°C. For infections,

stationary phase (6-7days old) promastigote parasite forms were used.

Amastigotes

For transformation of Leishmania promastigotes to amastigotes, 10ml of stationary phase
(6-7 days old) L.mexicana M379 promastigote culture was centrifuged for 10 minutes at
3000xg and washed with PBS. The pellet wasre-suspended i n 10ml of Gr
medium (Thermo Fisher Scientific) supplemented with 100x BME vitamins (Sigma-
Aldrich), 2% sterile human urine (Innovative ResearchInc), 25e¢g/ ml Gent amyci n
(Sigma-Aldrich) and 20% heat-inactivated FCS. The medium was pH adjusted to pH 5.5.

The parasites were incubated at 32°C and passaged every ~7 days.
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2.4 Infections

Stationary phase L. mexicana promastigotes or amastigotes were pelleted and
resuspended in complete RPMI or serum free RPMI (when subsequent PAMP stimulation
was to take place). After initial optimisation experiments were carried out, in all subsequent
infections cells were infected with a multiplicity of infection (MOI) of 10. Multiplicity of
infection refers to the ratio of infectious agents to cells in a culture. Therefore cells were
infected with a ratio of 10:1 parasites to cells. Infected cells were incubated at 37°C, 5%
CO; for the required time. Uninfected control samples were incubated with fresh RPMI

only.

After incubation, the media and any free parasites were washed away in PBS before cells

were lysed.

2.5 Extracellular vesicle isolation and analysis
Isolation

THP-1 cells in T75 flasks were differentiated with 100nM PMA for 48 hours, washed twice,
and refreshed with complete RPMI medium containing Exosome depleted FBS (Thermo)
prior to a standard infection. After 8 hours the media was collected, filtered to remove
parasites, and pooled for extracellular vesicle (EV) isolation with the exoEasy Maxi Kit
(Qiagen) according to the manufacturers protocol. This process was repeated for an

uninfected control.

60el of t hewasaddel ta® plaed THPM sells per ml cell media for 4 hours as
a pre-treatment. Cells were then stimulated with 5 € g /Herting Testis DNA. Cells were

then lysed for gRT-PCR and western blot analysis.
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Transmission electron microscopy

10¢l of purified extracel | uFoamvarevatbaenicappeegsid sampl e

(Agar Scientifc) and allowed to dry for 4 minutes. Excess liquid was removed with filter
paper before staining with 10¢ 1% phosphotungstic acid (Sigma) in Milli-Q water for 2
minutes. The grid was then washed with 10 IMilli-Q water and excess water again
removed with filter paper. Imaging was carried out on the JEM-2100 Transmission electron

microscope.

Analysis of EV DNA content

DNA from the EV isolate was extracted using QuickExtract DNA Extraction solution
(Epicentre, lllumina) using the QuickExtract DNA Extraction Protocol. Amplification of
Leishmania alpha tubulin gene and human IFN-b was carri ed out

DNA using the primers listed in Table 6.

The PCR products were run on a 1% agarose gel in combination with 3x DNA loading dye
alongside appropriate positive controls. Further details on agarose gel composition and

running conditions are detailed in section 2.17 Agarose Gel Electrophoresis.

2.6 Cell Stimulations

For Lipopolysaccharide stimulation (LPS) (026:B6, Sigma-Aldrich) cells were incubated

with 21leg/ ml LPS for 1 hour.

For stimulation with herrings testes (HT)-DNA and polyinosinici polycytidylic acid

(Poly(l:C)) (both Sigma-Aldrich), serum free medium (SFM) wa s mi xed with

Lipofectamine2000 (ThermoFisher Scientific) for 5 minutes. Mock-stimulated cells were

treated with medium and lipofectamine only. HT-DNA and Poly(l:C) were incubated with

87

t

h €

1 ¢



the SFM and Lipofectamine mix for 15 minutes prior to addition to the appropriate wells.
HT-DNA was added at a concentration of 8¢&g/ ml
hour stimulation. After stimulation the PAMP containing media was washed away in PBS

before cells were lysed.

For stimulation with recombinant human interferon alpha 2a (Sigma) either 2ng/ml or

20ng/ml was added to THP-1s for a 2h pre-treatment before subsequent infections.

2.7 Inhibitors

Proteasome inhibitor MG132 (Sigma) was dissolved in H,O and used at 10uM, applied to
cells 1 hour before infection. Autophagy inhibitor Bafilomycin (Sigma) was dissolved in

H.O and used at 50nM and applied to cells 1 hour before infection.

2.8 Lentivirus Transduction of STING KO THP-1 cells
Lentivirus preparation

Our gene of interest- heamagglutinin (HA) tagged STING was cloned into the pLVX-
TetOne Vector (TaKaRa Bio) using the In-Fusion® HD kit (TaKaRa Bio) and according to

the manufacturers protocol.

For virus production 2x10° Hek293T cells were seeded on a 10cm plate and incubated
overnight at 37°C, 5% CO? until cells reached ~80% confluence. The pLVX-TetOne Vector
containing STING-HA (7ug) was then combined with Lenti-X packaging single shots (VSV-
G) (TaKaRa Bio)- an optimized packaging pre-mix lyophilized with Xfect Transfection
Reagent- in 600ul DMEM. The transfection mixture was vortexed for 20 seconds and
incubated at room temperature for 20min. The entire mixture was added dropwise to cells

and incubated overnight.
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Lentiviral supernatants were harvested 48h post transfection and additionally at 60h and
72h post transfection. To remove cellular debris the viral media was passed through a
0.45uM low protein-binding filter. The viral supernatant was concentrated using Amicon®
Filters (Merck) in a tabletop centrifuge at 3000 rpm for 20 min at 4°C. Concentrated virus

was aliquoted and stored at -80°C before use in transduction.

Lentiviral transduction

2 million STING KO THP-1 cells were resuspended in 1ml complete RPMI media
containing 16ug/mL Polybrene (Sigma). A 1ml lentiviral stock of WT HA tagged STING
(generated using the Lenti-X Tet-One system, TaKaRa) was added to the cell suspension
in a 6 well plate and tilted immediately to mix. The plate was spun for 120 min at 1,200 x
g at room temperature for centrifugal enhancement, before incubation at 37°C, 5% CO.
for 2h. After 2h the virus cell mix was diluted 2-fold with complete media before 20h further
incubation. At 24h post transduction cells were harvested and resuspended in complete

growth medium with 1ug/mL puromycin (selection medium) for a further 48h.

At 72h post transduction cells were resuspended at 2x10%ml in fresh selection medium.

Transgene expression was induced by culturing cells with 1ug/mL doxycycline for 24h.
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2.9 Microscopy
Light Microscopy

Differentiated THP-1 cells were grown on coverslips and then infected with Leishmania

parasites as described in 2.4.

After infection coverslips were fixed for 30 seconds in -20°C Methanol, and air dried before

staining by flooding coverslips for 15 minutes with 10% Giemsa (VWR Avantor).

Giemsa stain was diluted in 10mM staining phosphate buffer. After staining, coverslips
were washed in dH;0, air dried and mounted in MOWIOL 4-88 (Calbiochem). After curing,
coverslip edges were sealed with clear nail varnish and imaged using Zeiss axio-cam

1Ccl camera.

Confocal Microscopy

Cells grown on glass coverslips were fixed for at least an hour in -20°C methanol and
washed prior to permeabilization at RT for 12 minutes in 0.5% Triton X- 84 100/PBS.
Coverslips were blocked in 5% FCS/0.05% Tween-20/PBS for 1 hour and stained
overnight with primary antibodies in blocking buffer at 4°C. Coverslips were then washed
in PBS and stained with fluorescent secondary antibodies in blocking buffer (1:1500) for
3 hours. Coverslips were mounted in MOWIOL 4-88 (Calbiochem) containing 1ug/mi

DAPI. Images were taken on a Zeiss LSM880 confocal microscope.

The antibodies used were anti-IFI16 (1:600 Santa Cruz), anti-STING (1:600 Cell
Signalling Technology), anti-Vimentin (1:600 Cell Signalling Technology) anti-acetylated
tubulin (1:1000 Sigma-Aldrich) anti-rabbit-AlexaFluor488 (1:1500, Invitrogen),
antimouse-AF488 (1:1500, Invitrogen),anti-rabbit-594 (1:1500 Cell Signalling) anti-rabbit-
AF647 (1:1500, Cell Signalling Technology), anti-mouseAF647 (1:1500, Invitrogen).

Image files were analysed using image J and Photoshop software.
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2.10 Immunoblotting

Sodium-dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was

performed to separate cell proteins by size.

For immunoblotting samples 150¢l cold complete
to each well and adherent cells scraped. Cells were incubated at 4°C for 30 mins with the
lysis buffer before centrifuging at 12,000 rpm for 10 minutes at 4°C. Pre-cleared lysates
were denatured in SDS sample buffer at 99°C for 5 minutes. EV isolate was also denatured

in SDS sample buffer at 99°C for 5 minutes in preparation for protein analysis.

Samples were run on SDS-PAGE gels (composition described in Table 4) within a Mini-
Protean Tetra Cell Tank (Bio-Rad) ran at 120-150V for 1.5 hours. Transfer of the gels to
PVDF or nitrocellulose membranes (Millipore) was carried out using a semi-dry transfer

apparatus (Biometra FastBlot). Transfer was carried out at 0.1A per gel for 1 hour.

Table 4: 10% polyacrylamide gel composition

dH20 | 40% N,NG | Tris 10% | 10% TEMED
Methylenebisacrylamide | (0.5/1.5M) | SDS | Ammonium
Persulfate

Resolving | 4.9 2.5 ml 2.5ml 25ml|50¢ | 5¢l
Gel (10%) | ml 1.5M Tris
Plug to|250¢l of resol vi ngAmnpmum |5 ¢ | 0. 5¢
seal Persulfate and TEMED
plates
Stacking | 1.9 300¢l 750¢l1 |30¢|30¢l 3¢l
gel (4%) ml 0.5M Tris
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After transfer, blocking of membranes was carried out in either 5% Bovine serum albumin,
0.1% Tween in TBS or 5% non-fat milk (Marvel), 0.1% Tween in TBS, depending on
compatibility with the antibody used. Primary antibody incubation was carried out overnight
at 4°C at a dilution of 1:1000 in blocking buffer (Antibodies used listed in Table 5). After
primary incubation membranes were washed 3 x 5 minutes in TBS-Tween. Secondary
antibodies, either anti-Mouse-IgG-HRP (Horse Radish Peroxidase) or anti-rabbit-IgG-
HRP, were used at a dilution of 1:3000 and incubated at room temperature for 3 hours.
HRP activity was detected with Clarity or Clarity Max Enhanced chemiluminescence

(Biorad). Membranes were analysed using a Chemidoc (Bio-Rad) or iBright system

(Thermo).
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Table 5: Antibodies used in Immunoblotting

Target Species | Company Catalogue
Number

Anti-mouse-HRP Horse Cell Signalling | 7076
Technology

Anti-rabbit-HRP Goat Cell Signalling | 7074
Technology

Beta-actin Mouse | Sigma Aldrich | A2228

CD63 Mouse | AbCam ab59479

cGAS Rabbit | Cell signalling | 15102
Technology

Flag-tag Mouse | Sigma Aldrich | F1804

HA-tag Mouse | Cell Signalling | 2367
Technology

IFI116 Mouse | Santa Cruz Sc-8023

IRF3 Rabbit | Cell Signalling | 11904/4302
Technology

NF-7 B p65 Mouse | Cell Signalling | 6956
Technology

Phospho-IRF3 (Ser396) Rabbit | Cell Signalling | 4947
Technology
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Phospho-NF-7 B Rabbit | Cell Signalling | 3033

(Ser536) Technology
Phospho- STATL1 | Rabbit | Cell Signalling | 7649
(Tyr701) Technology

Phospho-STING (Ser366) | Rabbit | Cell Signalling | 85735

Technology
Phospho-TBK1/NAK Rabbit | Cell Signalling | 5483
(Serl72) Technology
STING Rabbit | Cell Signalling | 13647
Technology
TBK1/NAK Rabbit | Cell Signalling | 3504
Technology

2.11 Co-Immunoprecipitation

Cells were lysed in Mammalian Cell Lysis Buffer (50mM Tris-HCI (pH 7.5), 1mM EDTA,
1mM EGTA, 1% (v/v) Triton X-100, 1mM sodium orthovanadate, 50mM sodium fluoride,
5mM sodium pyr ophospha-glgerophdsphatd) 0.27b dsucuose,

supplemented with cOmplete™ mini protease inhibitor cocktail (Roche) and incubated for

1 hour at 4°C.

Samples were centrifuged at 8,000xg for 10 min at 4°C to remove cell debris. The
supernatant was then pre-clearedwi t h (1 0 O &ioteiis @ $ephlaresg 4 Fast Flow
beads (GE Healthcare) rolling overnight at 4°C. The samples were then centrifuged at

3,000xg for 10 minutes and the supernatant incubated with Protein G Sepharose 4 Fast
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Flow beads (GE Healthcare) covalently coupled to rabbit IgG (Sigma) or STING ab (Cell

Signalling Technology) for 3h.

Beads were washed four times in the mammalian cell lysis buffer and bound proteins were
eluted from the beads by boiling in SDS sample buffer for 10 minutes. The initial lysate
before immunoprecipitation took place, in addition to the supernatant recovered post-

immunoprecipitation was retained for use as controls in western blotting experiments.

2.12 Mass Spectrometry
Sample preparation

30e | o f STBNG Plsample for analysis was heated to 70°C in Nu Page LDS Sample
buffer (Invitrogen) for ten minutes prior to loading on a 4-12% Bis-Tris Nu-Page pre-cast
gel (Invitrogen) and running for 20mins at 200V in MOPS running buffer (Invitrogen)
accordingt o manuf act ur eThé resuliing get wasistaingd avithgshe NOVEX
Colloidal blue kit (Invitrogen) for 3 hours and then de-stained overnight in deionised water.
Slices were cut and stored in water in preparation for sending to FingerPrints Proteomics
Facility at The University of Dundee. On this occasion only the STING IP samples were

sent for analysis and not the IgG control IP samples.

At FingerPrints Proteomics Facility

Instruments Used: Ultimate 3000 RSLCnano system (Thermo Scientific) coupled to a Q

Exactive Plus Mass Spectrometer (Thermo Scientific).

Ultimate 3000 Buffer conditions: Buffer A: 0.1% formic acid

Buffer B: 80% acetonitrile in 0.1% formic acid

Q Exactive Plus conditions: Top 15 Method:1 MS plus 15 MS/MS (150 min acquisition)

Operating in data dependent acquisition mode, Lock Mass 455.120024.
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On arrival samples were dried and suspended to 50 ul 1% Formic Acid. Samples were
then injected (15ul) and washed on the C18 trap column with Buffer A. After 5 minutes a

gradient was formed with buffers A and B.

Peptides were initially trapped on an Acclaim PepMap 100 (C18, 100 uM x 2 cm) and then
separated on an Easy-Spray PepMap RSLC C18 column (75 pM x 50 cm) (Thermo
Scientific). Samples were transferred to mass spectrometer via an Easy-Spray source with

temperature set at 50eC and a source voltage o

In data-dependent acquisition mode Full MS1 scans were performed at 70,000 resolution
followed by 15 sequential dependent MS2 scans where the top 15 ions were selected for
collision-induced dissociation (CID, normalized collision energy NCE = 35.0) and analysis
in the lon Trap with an MSn AGC target of 5000. An isolation window of 2.0 m/z units
around the precursor was used and selected ions were then dynamically excluded from

further analysis.

Data Analysis

Orbitrap XL.RAW files converted to MSF files (Proteome Discoverer Version 2.2).
Extracted data then searched against Leishmania Mexicana and SwissProt-human
database version Mascot Search Engine (Version 2.3.2). For each protein match, Mascot
calculates an overall Protein Score. This number reflects the combined scores of all
observed mass spectra that can be matched to amino acid sequences within that protein.

A higher score indicates a more confident match.
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Table 6: Search parameters used for Mass spectrometry Data analysis

Type of search

MS/MS lon Search

Enzyme

Trypsin/P

Fixed modifications

Carbamidomethyl (C)

Variable modifications

Acetyl (N-term), Dioxidation (M), GIn-
>pyro-Glu (N-term Q) and Oxidation

(M)

Mass values

Monoisotopic

Protein Mass

Unrestricted

Peptide Mass Tolerance

+ 10 ppm (# 13C = 2)

Fragment Mass Tolerance + 0.06 Da
2

Max Missed Cleavages

Instrument type ESI-TRAP
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2.13 gRT-PCR

For RNA extraction 350c¢l TRK |l ysis -Tekiwdser ( E. 2
added directly to washed cells in each well (12 well plate) before storing at -80°C until

RNA extraction could be performed.

RNA was extracted from cell lysates using the E.Z.N.A total RNA kit (Omega Bio-Tek). A
DNase step was also carried out using 1 ¢ Dnaset o DBnask buffer (Thermo Scientific)
and incubated with each extracted RNA sample for 15 minutes at room temperature. The
DNase was inactivated by the addition of 1 pl of 25 mM EDTA solution to the reaction
mixture and heated for 10 min at 65°C. The concentration of RNA was measured by using
a Nanodrop 2000c spectrophotometer (Thermo Scientific) and 200ng of RNA were taken

from each sample.

Reverse transcription of RNA was completed using an iScript cDNA Synthesis Kit (Bio-
Rad) on an Eppendorf Master Cycler. Foreachreaction0 . 5¢l i Scri pt r.everse
2¢l 5x i Scr iwascom@nacand noand emiuxp t o 10¢l with RNA
free H20. The cycle used was 5 minutes at 25°C, 30 minutes at 46°C and 1 minute at

95°C before cooling.

gRT-PCR was performed using a LightCycler 96 realtime PCR instrument (Roche) or
BioRad CFX96 (Bio-Rad). For each 10¢ Ireaction 5¢ 12x Fast SYBR green mastermix
(Thermo Scientific) combined with 1 € Iprimer mix (500nM), (primers detailed in Table 7)

(500nM), and 4¢ bf the cDNA to amplify the target genes.

The following cycling conditions were used for the gRT-PCR program:

Holding stage (1 cycle): 1 minute at 95°C.

Cycling stage (40 cycles): 15 seconds at 95°C; 1 minute at 60°C.

Melt Curve stage (1 cycle): 15 seconds at 95°C; 1 minute at 60°C; 15 seconds at 95°C;

15 seconds at 60°C.
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Table 7: Primers used in qRT-PCR

They were designed in NCBI Primer BLAST and synthesised by Eurofins

Gene Forward Primer 5-8 6 Reverse Primer5-8 0

b-actin CGCGAGAGAAGATGACCCAGATC | GCCAGAGGCGTACAGGGATA
(human)

CCL5 CTGCTTTGCCTACATTGCCC TCGGGTGACAAAGACGAC
(human)

CXCL10 AGCAGAGGAACCTCCAGTCT AGGTACTCCTTGAATGCCACT
(human)

IL-6 CAGCCCTGAGAAAGGAGACAT GGTTCAGGTTGTTTTCTGCCA
(human)

IL-10 AAGACCCAGACATCAAGGCG AATCGATGACAGCGCCGTAG
(human)

IL-12 GCACAGTGGAGGCCTGTTTA GCCAGGCAACTCCCATTAGTT
(human)

IFN-b ACACTGGTCGTGTTGTTGAC GGAAAGAGCTGTCGTGGAGA
(human)

ISG56 CAAAGGGCAAAACGAGGCAG CCCAGGCATAGTTTCCCCAG
(human)

TNFU GCCCATGTTGTAGCAAACCC TATCTCTCAGCTCCACGCCA
(human)

b-actin TCCAGCCTTCCTTCTTGGGT GCACTGTGTTGGCATAGAGGT
(mouse)

CCL5 CTCACCATATGGCTCGGACA CGACTGCAAGATTGGAGCAC
(mouse)
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CXCL10 CGATGACGGGCCAGTGAGAATG | TCAACACGTGGGCAGGATAGGC
(Mouse) T

IL-6 CTCTGCAAGAGACTTCCATCCA AGTCTCCTCTCCGGACTTGT
(mouse)

IFN-b ATGGTGGTCCGAGCAGAGAT CCACCACTCATTCTGAGGCA
(mouse)

18S GGGAAACCCCGGAATCACAT GGTGAACTTTCGGGCGGATA
(Leishmania)

Alpha tubulin | GAACTCGGTGTTTGAGCCTG ATCCTTCGGCACGACATCAC

(Leishmania)
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