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Abstract

Protozoa of the Leishmania genus are transmitted between mammalian hosts by the
sandfly and cause the neglected tropical disease leishmaniasis. Upon injection into
the mammalian host by the sandfly promastigote-form parasites are phagocytosed by
macrophages, where they differentiate into amastigotes. Although many virulence
factors are known to modulate macrophage signalling pathways to favour infection,
the delivery mechanisms are largely unknown. During differentiation to amastigotes
the promastigote flagellum shortens dramatically and the fate of the excess flagellar
membrane is unknown. Here we investigate the possibility that during Leishmania
mexicana differentiation, shedding of the flagellar membrane is a source of
extracellular vesicles (EVs) which provide a virulence factor delivery mechanism. The
kinetics and structural mechanisms of EV release from promastigotes were
investigated by live cell imaging and by measuring the concentration of shed EVs.
Isolated EVs from a differentiating parasite culture or a control promastigote parasite
culture were analysed by fluorescence and electron microscopy and mass
spectrometry. To study the biological effects of EVs, macrophages were exposed to
isolated EVs or live promastigotes and cytokine secretion was quantified by ELISA. An
LPG1 null mutant was used to assess the contribution of virulence factor
lipophosphoglycan (LPG) to the observed effects. Known protein virulence factors and
LPG are present in L. mexicana EV fractions as well as known flagellar proteins. We
show that there is a link between L. mexicana flagellar shortening and EV release,
which is a recently discovered phenomenon in Chlamydomonas and mammalian cell
research. We find that isolated EVs and live promastigotes induce changes in secreted
cytokine levels from human and murine macrophages, including a substantial and
previously unreported suppression of CXCL10, a chemokine which plays a protective
role in Leishmania infection. LPG contributes to the effects observed on cytokine
production, and EVs may be an important delivery mechanism for LPG.

Thesis word count (excluding figures, tables, bibliography and appendices): 49,667

Declaration: All work in this thesis has been carried out by Laura Makin and has not been
previously submitted for any other degree. One figure has been previously published (Figure
4.12, Beneke et al., 2017) in an open access paper and this work was fully produced by Laura
Makin.
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1. Introduction

1.1. Known effects of Leishmania on the host immune response

1.1.1. Leishmania parasites cause a range of human diseases
Around twenty species of the protozoan parasite Leishmania cause a spectrum of

human and animal diseases known as leishmaniases, ranging from the visceral form,
which is fatal in 95% of cases unless treated, to the most prevalent and relatively mild
cutaneous form (WHO, 2017). The parasite is spread between mammalian hosts by
over ninety species of phlebotomine sandfly (WHO, 2017). The disease is classed as
one of the neglected tropical diseases which mostly affect the world’s poorest people;
there are approximately one million new cases and 20,000 deaths per year according
to the latest World Health Organisation figures. The Leishmania species studied here
is Leishmania mexicana (L. mexicana), the most common cause of cutaneous
leishmaniasis in South America (Kevric et al., 2015). This form of the disease presents
as skin lesions which can cause disfigurement and social isolation; the lesions are
usually self-healing within several months, but can also present as chronic or diffuse
forms (Kassi et al., 2008). For all forms of leishmaniasis, most current drug regimes
span several days to a month and cannot be taken orally, making administration in
resource-poor settings challenging (de Menezes et al., 2015). This situation has been
improved by the addition of a liposomal amphotericin B to the list of available drugs,
which can be administered in a single dose, however this treatment is only effective
for visceral leishmaniasis and only in certain geographical areas (Sundar and Singh,

2016). Further adding to the difficulty in controlling leishmaniasis, there is no human
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vaccine and in some areas zoonotic reservoirs exist (Lima et al., 2013, Roque and

Jansen, 2014).

Complement receptor
(CR-3)

Protein surface antigen
(PSA)-2

Glycoprotein (GP)-53

L. mexicana promastigote

Complement 3 (C3)
Inactivated complement
3b (i£3b)
Lipophosphoglycan
(LPG)

wa mBE OO

/ Macrophage

Rho GTPase
signalling

Receptor-mediated
phagocytosis

Phagosome

Parasitophorous
vacuole (pH 4.5-5.5)

L. mexicana
amastigote

Figure 1.1. Macrophage uptake and differentiation of L. mexicana promastigotes. Following
injection of promastigotes by the sandfly into the mammalian host, parasite and host factors
on the parasite surface interact with macrophage receptors including complement receptor
3, triggering Rho GTPase-dependent actin filament rearrangement in the macrophage. The
parasites are subsequently taken up via receptor-mediated phagocytosis. During

promastigote to amastigote differentiation the phagosome resists fusion with lysosomal
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compartments and retains a near-neutral pH. Mature, amastigote-containing
parasitophorous vacuoles (PVs) have lowered pH and interact with many cellular
compartments. A single amastigote within the PV is shown here, but during infection many

amastigotes can occupy the same PV.

During their life cycle, Leishmania spp. alternate between two morphological forms:
elongated promastigotes that live in the sandfly vector and small round amastigotes,
which replicate in the mammalian host (see Figure 1.2 for a summary of the life cycle).
In the sandfly the parasites progress through a series of distinct promastigote
morphologies, alternating between replicating and non-replicating stages (Gossage et
al., 2003, Rogers et al., 2002). The flagellum of promastigotes is long and motile and
used for swimming and attachment in the insect vector. Upon uptake by phagocytes
in the mammalian host, infectious metacyclic promastigotes morphologically
differentiate over the course of 16 h to the amastigote form, which have a short
immotile flagellum which structurally resembles sensory cilia (Gluenz et al., 2010), and
shorter rounder cell body (Wheeler et al., 2015). During the initial stages of infection,
the parasites are taken up primarily by neutrophils in the first 24 h and subsequently
accumulate in macrophages, the primary host cell, over the course of several days
(Peters et al., 2008). Parasites are taken up by macrophages via receptor-mediated
phagocytosis, which is dependent on surface-anchored parasite factors, notably the
zinc metalloprotease glycoprotein GP63 (also called leishmanolysin) and
lipophosphoglycan (LPG), and interactions between parasite-bound complement
factors and macrophage complement receptors (CRs) (Ueno and Wilson, 2012) (Figure
1.1). Initially following promastigote uptake, fusion between the phagosome and lytic
compartments is limited, leading to a delay in acidification while promastigote to

15



amastigote differentiation takes place (Desjardins and Descoteaux, 1997, Moradin
and Descoteaux, 2012) (Figure 1.1). Once differentiated, L. mexicana amastigotes
reside in the low pH environment of multi-occupancy parasitophorous vacuoles (PVs)
within macrophages (Benchimol and de Souza, 1981) (Figure 1.1). The PV is a modified
membrane-bound phagosomal compartment (Figure 1.1) which contains both host
and parasite factors (Ndjamen et al., 2010). Once differentiation is complete, L.
mexicana replication within PVs is slow, with a doubling time of around 12 days in
murine infection (Kloehn et al., 2015). Amastigotes egress from host macrophages

and infect new macrophages to propagate the infection (Real et al., 2014).
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Sand fly' Mammalian host

Metacyclic promastigote

Amastigote

Procyclic promastigote

Figure 1.2. The Leishmania life cycle. This schematic shows a simplified version of the major
Leishmania life cycle stages. Procyclic promastigotes replicate in the sandfly midgut then
migrate up to the thoracic midgut and stomodeal valve where they differentiate to infective
metacyclic promastigotes, which are non-replicative. They are egested by the sandfly during
the bite to a mammalian host, where they are phagocytosed by host macrophages and
differentiate to replicative amastigotes which cause the disease leishmaniasis. When a sandfly
bites, a pool of blood containing amastigotes is created and ingested. The amastigotes
differentiate back to procyclic promastigotes and escape from the bloodmeal, and the life

cycle continues.
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1.1.2. The immune response in self-healing and persistent Leishmania infection
The immune response to Leishmania infection is highly complex and depends on host

status and the Leishmania species; there is still much that we do not understand,
particularly for human infection. In mice there is clear evidence that a T helper 1 (Th1)
response controls infection while a Th2 response is permissive (Wang et al., 1994,
Kopf et al., 1996). The early work establishing this Th1/Th2 paradigm was done mostly
in L. major murine studies. Production of interleukin (IL)-12 and interferon (IFN)-y
defines the Thl response leading to parasite clearance, and IL-4 classically defines the
non-healing Th2 response (Heinzel et al., 1989). However, subsequent studies have
called into question whether IL-4 itself is necessary for the establishment of a non-
healing Th2 response (Mohrs et al., 2000), or whether the non-healing phenotype is
simply a lack of an effective Thl response. It has been suggested that IL-4 is not
essential, since IL-4-deficient mice are not necessarily resistant to infection (Noben-
Trauth et al., 1996). Furthermore, high levels of IL-4 have been shown to exacerbate
cutaneous but not visceral murine infection, showing the paradigm is not universal.
In visceral infection, there is strong evidence that IL-10 and transforming growth
factor (TGF)-B, rather than IL-4, play an important role in promoting Leishmania
infection (Saha et al., 2007). The use of susceptible BALB/c mice in the initial studies
establishing the Th1/Th2 paradigm is significant, since this strain of mice is known to
have defects in the Thl response (Barbi et al., 2008). IL-13 also seems to play an
important role in establishing the non-healing Th2 response which may be
independent of IL-4, since normally-resistant C57BL/6 mice which were induced to
overexpress IL-13 were rendered susceptible to L. major infection (Matthews et al.,

2000).
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The early conclusions drawn about the Th1/Th2 paradigm do not necessarily apply to
L. mexicana infection in all cases, since this parasite species is able to induce non-
healing disease in many mouse strains resistant to L. major (McMahon-Pratt and
Alexander, 2004). However, the general conclusions that IL-12 is protective
(Rodriguez-Sosa et al., 2001) and IL-4 is conducive to a non-healing response (Satoskar

et al., 1997) also appear to be true for L. mexicana infection of mice.

For all Leishmania species, an IL-12-driven Th1 response does appear to be protective
and the importance of Th1l cytokines for parasite clearance is widely accepted; this
response ultimately leads to parasite clearance through IL-12 and IFNy-dependent
enhancement of macrophage parasite killing (Alexander and Bryson, 2005). The
crucial role for IFNy in mounting an effective response to L. major infection was shown
through infection of normally-resistant mice which lack IFNy; these mice were no
longer resistant, even though other Th1l cytokines were produced and significant
levels of Th2 cytokines were not, showing that IFNy is perhaps the most important
cytokine in the healing response (Swihart et al., 1995). IFNy also has a crucial role in
clearing murine visceral leishmaniasis (Lehmann et al.,, 2000). The role of IL-12 in
driving the Th1 response was shown through injection of IL-12 at the same time as L.
major infection of BALB/c mice, leading to enhanced parasite control (Von Stebut et
al., 2003). Similar effects have also been shown by injection of C-X-C motif chemokine

(CXCL)-10, another Thl-associated cytokine (Vasquez and Soong, 2006).

IL-10 and TGFp are both correlated with persistence of human visceral leishmaniasis
(Saha et al., 2007) and IL-10 is also correlated with non-healing human cutaneous

leishmaniasis (Castellano et al., 2009, Salhi et al., 2008). Studies in mice have shown
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that this correlation is likely directly due to IL-10 action, since IL-10 KO mice are better
able to clear parasites and increased levels of IL-10 leads to increased susceptibility to
infection (Maspi et al., 2016). However, IL-10 is often also present alongside a robust
Th1l response to regulate excessive tissue damage due to inflammation, therefore
high IL-10 levels do not necessarily preclude a healing response (Gomes-Silva et al.,

2007, Abdoli et al., 2017).

In contrast to murine infection, in humans the Th1/Th2 paradigm is less clear-cut and
certainly less well studied (Ajdary et al., 2000, Rogers and Titus, 2004). However, it
does seem that, as for murine infection, Thl-type cytokines are important for
clearance of infection (Gaafar et al., 1995) and IL-4 correlates with persistence of
cutaneous lesions (Ajdary et al., 2000). It is thought that chronic Leishmania infection
in humans tends to induce an immunosuppressive environment characterised by Th2
or mixed Th1/Th2 responses (Shio et al., 2012, Salhi et al., 2008) and high expression
of anti-inflammatory cytokines IL-10 and TGFB (Anderson et al., 2008, Saha et al.,
2007, Salhi et al., 2008). The effects of host cytokine levels on Leishmania infection
are summarised in Table 1.1. Several studies also show that induction as well as
inhibition of pro-inflammatory cytokines such as IL-8, IL-12 and IFNy occurs during
early infection (Teixeira et al., 2006, Matte and Olivier, 2002) in cell types including
macrophages, and this early inflammation may help establish the disease. Further
studies are needed to determine to what extent the Th1/Th2 paradigm applies to

human infection with different Leishmania species.
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Table 1.1. Summary of the roles of host cytokines in Leishmania infection persistence or

clearance. The main published effects of host cytokines on Leishmania infection are

summarised.

Host
cytokine

Effect on Leishmania infection

References

IL-12

Promotes parasite clearance
and a protective Thl response.

(Vargas-Inchaustegui et al.,, 2009)
(Alexander and Bryson, 2005)
(Rodriguez-Sosa et al., 2001)

(Whitaker et al., 2008)

IFNy

Promotes parasite clearance by
enhancing macrophage killing
of parasites as part of a
protective Thl response.

(Vargas-Inchaustegui et al., 2009, Murray
et al., 2013) (Alexander and Bryson,
2005)

(Halliday et al., 2016) (Swihart et al.,

1995) (Becker et al., 2003)

(Kropf et al., 2004) (Saha et al., 2007)
(Gallego et al., 2011) (Maspi et al., 2016)
(Ibraim et al., 2013, Rojas-Bernabe et al.,
2014)

(Whitaker et al., 2008)

(Heinzel et al., 1989)

(Satoskar et al., 1997)

(Abou Fakher et al., 2009) (Ajdary et al.,
2000)

High levels of IL-10 correlate
with parasite persistence in
mice and humans. IL-10 may
also be needed to restrict tissue
damage.

Levels of IL-4 correlate with
parasite persistence in
cutaneous infection of humans
and mice.

High levels of IL-13 are
associated with the non-healing
Th2 response.

High levels of TGFB are
associated with non-healing
visceral infection in humans.

IL-10

IL-4

IL-13 (Matthews et al., 2000)

TGFB (Saha et al., 2007)

1.1.3. Known effects of promastigote Leishmania infection on macrophage cytokine
secretion
The systemic cytokine response to Leishmania infection has been extensively studied,

as discussed above in Section 1.1.2. In addition, significant efforts have been made to
determine the cytokine responses of individual cell types, including the primary host
cell: macrophages. Macrophages are an important source of many cytokines including
tumour necrosis factor (TNF)-a, IL-12 and IL-10 (Arango Duque and Descoteaux,

2014), and their direct contact with the Leishmania parasites which infect them makes
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them a key target for parasite modulation of the cytokine response. Increases in the
secretion of a large number of mostly pro-inflammatory cytokines from unstimulated
macrophages has been documented in response to infectious stationary phase
promastigotes (Filardy et al., 2014, Arango Duque et al., 2014). Although amastigotes
are also used for experimental macrophage infection, the scope of this discussion is
limited to promastigote infection and the early establishment of infection, i.e. up to
one week following infection. This is because we are interested in the early delivery
of virulence factors to prepare the host macrophage for infection. It should be noted
that stationary phase Leishmania promastigotes are often used for infection studies
since this population is enriched for infective metacyclic parasites (up to 50%) (Sacks
et al., 1985); purified metacyclic parasites are not used in this study because this
requires extra density gradient separation steps (Spath and Beverley, 2001). Upon
infection of unstimulated resident macrophages from C57BL/6 mice with stationary
phase L. major promastigotes TNFa, IL-6, TIMP-1, IL-1ra (an anti-inflammatory
cytokine), G-CSF, TREM, CXCL1, MIP-1a, MIP-18, MCP-1, and MIP-2 were all
upregulated (Filardy et al., 2014). It is not clearly understood why Leishmania
parasites would induce the production of pro-inflammatory cytokines which are
associated with resistance to infection (Teixeira et al., 2014), but it is possible that
early inflammation may promote host cell recruitment and help establish the
infection. It is also possible that it may represent an effective host response to
Leishmania infection. Another study confirmed that TNFa and IL-6 secretion were
increased after infection of unstimulated murine bone marrow-derived macrophages
(BMDMs) with L. major or L. donovani promastigotes (Arango Duque et al., 2014). In

contrast, a study carried out in human THP-1 macrophages found that TNFa secretion

22



was unchanged after infection with L. donovani promastigotes, while IL-8 secretion
was increased (Silverman et al., 2010a). This discrepancy may be accounted for by
differences between murine and human responses. IL-8 is a chemoattractant for
neutrophils, the main reservoir of Leishmania parasites in the initial days of infection
(Peters et al., 2008); IL-8 is therefore an important chemokine in the establishment of
Leishmania infection. The gene encoding IL-8 is absent in mice (Mestas and Hughes,
2004). There could be several reasons, aside from parasite and host species, why an
increase in TNFa was not observed in all studies. One important parameter which
varies between different studies is the infection time, which is important because
each cytokine has its own secretion kinetics (Lacy and Stow, 2011, Stow et al., 2009,
Arango Duque and Descoteaux, 2014, Eichelbaum and Krijgsveld, 2014); it is therefore
unlikely that at any chosen time point all the cytokines of interest will be at peak

secretion.

In Leishmania infection studies, macrophages are commonly treated with
lipopolysaccharide (LPS) and/or IFNy to induce a pro-inflammatory ‘classically
activated’ phenotype which is accompanied by the increased production of many
cytokinesincluding TNFa, IL-12 and IL-10 (van Wilgenburg et al., 2013). This treatment
allows the study of macrophages in an inflammatory environment mimicking what
might be present during infection, although a wider range of activated macrophage
subtypes are also likely to be present during infection (Martinez and Gordon, 2014).
Using this experimental setup, several cytokines have been found to be inhibited by
Leishmania promastigote infection. The production of IL-12, a key driver of the Thl

response which promotes parasite clearance as discussed above in Section 1.1.2
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(Ghalib et al., 1995, Strauss-Ayali et al., 2005), was found to be completely inhibited
when murine granuloma macrophages were simultaneously infected with L. major
promastigotes and stimulated with LPS and IFNy (Belkaid et al., 1998). IL-12, as well
as IL-17, IL-3, IL-4, IL-6 and IL-13, was also found to be inhibited when peritoneal
murine macrophages were infected with L. major or L. amazonensis parasites with
simultaneous LPS stimulation (Lapara and Kelly, 2010). The inhibitory effect on IL-12
was further confirmed in L. mexicana, where BMDMs from C57BL/6 mice were
infected with stationary phase promastigotes with LPS stimulation (Cameron et al.,
2004). Inhibition of IL-12 by Leishmania promastigotes is therefore a well-
documented effect, and is in line with the Th1/Th2 paradigm which implies that
inhibition of this Thl-type cytokine would favour the parasite (Von Stebut et al.,
2003). It is perhaps surprising, given the strong correlation of IL-10 with persistent
Leishmania infection (Castellano et al., 2009, Salhi et al., 2008, Saha et al., 2007), that
increased production of this cytokine from macrophages in response to promastigotes
has not been observed. It is important to bear in mind, however, that macrophages
are only one source of IL-10 in systemic infection. In fact Leishmania infection has
been shown to modulate IL-10 production by another cell type, dendritic cells (DCs),
(Silverman et al., 2010b) and by macrophages in response to the amastigote form of

the parasite (Yang et al., 2007b).

1.1.4. Leishmania virulence factors and their delivery
While many effects of Leishmania infection on macrophage cytokine release have

been documented, the exact parasite factors which elicit these effects and how are
less well understood. Virulence factors can be defined as a protein or other factor

such as a glycoconjugate, which when inhibited reduces the ability of a pathogen to
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colonise, survive and/or replicate in its host. Furthermore, a virulence factor can be
distinguished from a housekeeping gene (which may also be essential for survival in
the host) by their ability to interact with host factors and many of them directly
modulate or help to evade the host immune response. Many of the best studied
virulence factors are bacterial proteins which are secreted into the host environment
using specialised secretion systems (Green and Mecsas, 2016). A small number of
Leishmania virulence factors have been identified for over a decade including GP63
(Thiakaki et al., 2006, Russell and Wilhelm, 1986, Button and McMaster, 1988), LPG
(Spath et al., 2000, King et al., 1987, Kaneshiro et al., 1986), cysteine peptidases
(Buxbaum et al., 2003) and heat shock proteins (HSPs) (Hubel et al., 1997). Studies
using KO cell lines have shown that parasites lacking any of these factors have
impaired virulence in mice: GP63 (Thiakaki et al., 2006); LPG (Spath et al., 2000);
cysteine peptidases (Buxbaum et al., 2003); HSPs (Hubel et al., 1997). Although, as will
be discussed later, parasite dependence on these factors can vary between
Leishmania species. The best studied of these factors by far are GP63 and LPG, both
of which are highly expressed on the promastigote surface and are greatly reduced in
the amastigote stage (Abu-Dayyeh et al., 2010, Bahr et al., 1993). Both are surface
expressed molecules which are linked to the membrane via a GPI anchor, although
secreted forms also exist of both factors (Yao et al., 2003, llg et al., 1994). LPG is a
glycoconjugate with phosphoglycan repeats (see Chapter 5 Introduction), the
structure of which varies between species and life cycle stage (Forestier et al., 2014).
GP63 is a multigene family of functional metalloprotease glycoproteins (Yao et al.,

2003).
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As discussed in Section 1.2, LPG and GP63 have both been implicated in the
modulation of various host macrophage pathways which could lead to changes in
cytokine secretion. However, the delivery mechanisms of these virulence factors have
remained elusive until recently, since Leishmania species lack specialised virulence
delivery systems analogous to bacterial secretion systems (Green and Mecsas, 2016).
Several recent papers have convincingly shown that GP63 is delivered to host cells via
extracellular vesicles (EVs) and is subsequently detected in the host cytoplasm where
many of its host targets are located (See Section 1.2) (Gomez et al., 2009, Atayde et
al., 2015, Silverman and Reiner, 2011). The trafficking pathways which allow EV-
associated GP63 to reach the macrophage cytoplasm are unknown. Recent proteomic
and functional studies of Leishmania EVs have proposed that EVs are likely to be the
major delivery mechanism for virulence factors (Silverman et al., 2010a, Silverman
and Reiner, 2011). Indeed, as discussed in Section 4.1.1, there is good evidence
showing that some virulence factors, including GP63, elongation factor (EF)-1a and
HSPs (Silverman et al., 2010a, Hassani et al., 2014), are EV cargo. Evidence supporting
their presence in Leishmania EVs includes Western blots (WBs) showing that that they
are protected from tryptic digest in EV-enriched samples, and that these virulence
factors are enriched in the same density gradient fractions as those enriched for EVs
(Silverman et al., 2010a, Hassani et al., 2014). However, whether EVs are the sole
mechanisms for delivery of these factors and whether other important virulence
factors, such as LPG, are delivered via EVs remain open questions. In addition, for
Leishmania factors which have been less well studied in the context of EVs and which
have been assigned as EV cargo mostly on the basis of mass spectrometry (MS), such

as cysteine peptidases (Atayde et al., 2015), it is not clear whether these factors are
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indeed EV-associated or freely secreted. There are factors such as the
phosphoglycoprotein secreted acid phosphatase (SAP) which are known to be
secreted freely into the surrounding medium (llg et al., 1991), but the contribution of

this route to virulence factory delivery is largely unknown.

1.1.5. Diverse roles of extracellular vesicles across eukaryotes
Intercellular communication via EVs is now recognised as a widespread phenomenon

across mammalian cells, archaea, bacteria and protozoa (Kim et al., 2014, Raposo and
Stoorvogel, 2013, Brown et al., 2015, Schorey et al., 2015). There are three broad
classes of EV defined thus far: microvesicles (MVs), apoptotic bodies and exosomes
(Colombo et al., 2014). These classes are often confused in the literature and it is
common not to differentiate between MVs and exosomes when referring to EVs.
Most studies of EVs as intercellular messengers are restricted to MVs and exosomes,
although recently several studies have assigned biological roles to apoptotic bodies
(Guenat et al., 2017, Zhu et al., 2017, Zweemer et al., 2017). The scope of this study
does not include apoptotic bodies, however, since the existence of an apoptotic
pathway and in particular apoptotic bodies in Leishmania spp. is unclear (Zangger et
al., 2002). It is important to consider exosomes and MVs separately due to their
different routes of biogenesis: MVs are released at the plasma membrane (PM) by
outward budding and exosomes are released by the fusion of multi-vesicular bodies
(MVBs) with the PM to release intraluminal vesicles (ILVs) (Raposo and Stoorvogel,
2013). These biogenesis mechanisms are summarised in Figure 1.3. In addition to their
different biogenesis mechanisms, exosomes and MVs can be differentiated to a
certain extent based on size; exosomes are relatively uniform at 40-100 nm in

diameter, whereas MVs are more heterogeneous with diameters ranging from 40-
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1000 nm (Livshits et al., 2015). Apoptotic bodies are larger at 500-2000 nm and can
contain cellular organelles (lhara et al., 1998). The overlapping size distribution of the
different classes of EVs makes it impossible to separate them based on size alone.
Thus far, there are no widely recognised markers to distinguish between the EV
classes. Although research with this goal is ongoing (Kowal et al., 2016), it seems
unlikely that any such markers would be widely applicable to different cell types or
species (discussed further in Chapter 4). Therefore, unless special care has been taken
to determine the subcellular origin of a particular population of EVs, it is perhaps best

to refer to isolated vesicles as EVs rather than a particular subset.

Multivesicular bodies

Source cell

ESCRT pathway

\ O Exosomes
© O

Microvesicles

O

Figure 1.3. Exosome and microvesicle biogenesis. A schematic of a generic cell is shown.

ESCRT pathways

Exosomes are released when MVBs fuse with the plasma membrane releasing intraluminal
vesicles. Microvesicles bud directly from the plasma membrane. Both processes involve
components of the ESCRT complex to induce membrane curvature and scission and actin-

dependent pathways have been implicated in microvesicle biogenesis.
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The documented roles of EVs are diverse, thanks to their ability to deliver specific
protein and RNA cargo (Ramachandran and Palanisamy, 2012, Lawson et al., 2017),
and have been reviewed extensively (Lawson et al.,, 2017, Nazimek et al., 2015,
Rodriguez and Prados-Rosales, 2016, Beer and Wehman, 2017, Raposo and
Stoorvogel, 2013, Schorey et al., 2015). Much effort has gone into identifying EV cargo
to try and elucidate how EVs mediate intercellular communication. Extracellular
vesicles have been found to contain RNAs which could influence transcription in the
target cell including mRNAs, miRNAs and even tRNAs, as well as proteins including T
cell antigens, enzymes and major histocompatibility complexes (MHCs) | and Il (Thery
et al., 2002a). Relatively little is known about how vesicles carry this cargo to other
cells; this could include fusion with the target cell membrane, endocytosis or surface
receptor interactions (Mulcahy et al., 2014). EVs can also have their effect in the
extracellular matrix (Muralidharan-Chari et al., 2009) or on the surface of the cell from
which they were released (Wood et al., 2013). Studies of EV function in mammalian
systems have been the most extensive, with known functions ranging from
modulation of the immune response through presentation of antigens to T cells
(Robbins and Morelli, 2014), to regulation of tumour metastasis (Sullivan et al., 2017)
and conference of drug resistance to tumour cells (Samuel et al., 2017b). EVs have
been shown to regulate Drosophila melanogaster development via the delivery of
signalling proteins Wnt and Hedgehog (Beer and Wehman, 2017). In Caenorhabditis
elegans, EVs have been shown to mediate aspects of mating behaviour via the

delivery of polycystins to the environment (Wang et al., 2014).
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The function of EVs has also been studied in single-celled eukaryotes including
Chlamydomonas reinhardtii, where EVs are responsible for the delivery of a protease
required for hatching of daughter cells from a shared cell wall (Wood et al., 2013).
This study was the first to examine the function of a specific subset of microvesicles:
flagellar EVs. The significance of flagellar EVs first came to attention due to the fact
that the cell body of C. reinhardtii is encased in a cell wall and it has been shown that
the flagellar membrane is the main source of EVs in this organism (Wood and
Rosenbaum, 2015). This discovery raised questions about the universal importance of
the flagellum as a source of EVs and whether they could be functionally different from
EVs derived from the cell body membrane. Since then flagellar EVs have been studied
in C. elegans (Wang et al., 2014), Trypanosoma brucei (Szempruch et al., 2016b) and
mammalian cells (Nager et al., 2016), as discussed in greater detail in Section 3.1.1,

suggesting that they could be a widespread phenomenon across eukaryotes.

A small number of studies have examined the role of EVs in the interaction between
host and protozoan parasite and this topic has been recently reviewed (Szempruch et
al., 2016a, Marti and Johnson, 2016). There are broadly three mechanisms by which
EVs can modulate host-pathogen interactions. Firstly, EVs can be used for parasite-
parasite communication to enhance fitness; an example of this is transfer of the
protein serum resistance-associated antigen (SRA), which confers resistance to cell
lysis by trypanosome lytic factors in human serum, from resistant to non-resistant T.
brucei species via EVs (believed to be flagellar-derived) (Szempruch et al., 2016b).
Secondly, EVs from parasitized host cells can modulate infection; EVs from the malaria

parasite P. falciparum-infected erythrocytes can activate macrophages and induce the
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production of cytokines including IL-10 (Mantel et al., 2013). Finally, EVs released
directly from the parasite can exert effects on the host; Leishmania spp. EVs have
several documented effects on the immune response. In addition to the effects of
Leishmania EVs on host cytokine production and transcription factors which are
discussed in detail below (Section 1.2), when injected into mice prior to infection, both
L. major and L. donovani EVs lead to increased parasite burden and a Th2-skewed
immune response (Silverman et al., 2010b). L. major infection of mice was also
exacerbated when isolated EVs were co-injected simultaneously with infectious
parasites, a situation thought to mimic the in vivo setting since Leishmania-derived
EVs have been isolated from sandfly inocula (Atayde et al., 2015). This strongly
suggests that Leishmania EVs have immunosuppressive properties which favour
infection. However, other studies suggest their effects may be more nuanced;
injection of isolated Leishmania EVs into mice induces recruitment of immune cells,
in particular host macrophages and neutrophils, to a greater extent than parasites
alone (Hassani et al., 2014). This seemingly pro-inflammatory effect of EVs could aid
the establishment of infection via the recruitment of host cells to parasitize, alongside
their ability to favour infection via the induction of anti-inflammatory cytokines.
Specific effects of Leishmania EVs on host intracellular pathways have also been
reported: incubation of L. major EVs with macrophages leads to the cleavage of
several protein tyrosine phosphatases (PTPs) including Src homology region 2 domain-

containing phosphatase (SHP)-1, in a GP63-dependent manner (Hassani et al., 2014).
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1.2. EV biogenesis mechanisms

1.2.1. ESCRT pathway
ESCRT proteins are involved in a variety of processes such as cytokinesis abscission

and MVB formation, which all involve membrane curvature induction and abscission
(reviewed in (Hurley, 2015)). The process is usually dependent on mono- or Lys 63
linked- ubiquitination of the cytosolic tails of transmembrane proteins (Raiborg and
Stenmark, 2009). The ESCRT pathway is implicated in both exosome release via MVB
formation (discussed below) as well as microvesicle release by facilitating outward PM

budding (Kieffer et al., 2008).
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Table 3.1. Presence of ESCRT components in Leishmania. The presence (tick) or absence
(cross) of S. cerevisiae ESCRT components in L. major, as determined by BLAST analysis, is

shown. This data is taken from an evolutionary study by Leung et al. (Leung et al., 2008).

ESCRT Present in
component Leishmania
ESCRT 0
Hsel x
Vps27
ESCRT |
Vps37
Vps28
MVB12
Vps23
ESCRT Il
Vps36
Vps22
Vps25
ESCRT Il
Vps20
Vps32
Vps2
Vps24
CHMP7

ESCRT llI-
associated

Vps31
Vps4
Vtal
Vps46
Vps60

x

NEINA

<\

<\

<\
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The ESCRT pathway comprises complexes 0, |, Il and lll, as well as associated proteins
(Hurley, 2015), most of which have high identity homologs in Leishmania spp.
although ESCRT 0 components are absent (Table 3.1). Knockdown of Tsg101 leads to
reduced microvesicle secretion from murine T cells, as well as failure to package T cell
receptor into microvesicles (Choudhuri et al., 2014), suggesting a role for ESCRT

proteins in cargo selection as well as EV biogenesis. Tsg101 knockdown, as well as
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knockdown of ESCRT 0 proteins HRS and STAM1, also leads to reduced EV release in
Hela cells (Colombo et al., 2013). In murine T cells disruption of ESCRT protein
vacuolar protein sorting (Vps)-4 function leads to an accumulation of microvesicles at
the PM which fail to be released, consistent with the role of Vps4 in disassembly of
ESCRT lll complexes allowing membrane scission to take place. Vps4 is essential in
almost all ESCRT-dependent processes so far studied (Kieffer et al., 2008, Stuchell-
Brereton et al., 2007, Obita et al., 2007) and has a reciprocal best BLAST homolog in
Leishmania spp. (LmxM.08 29.2500). Overexpression of a dominant negative form of
Vps4 (E235Q) induces defects in MVB cargo sorting and trafficking in L. major similar
to those seen in budding yeast, as well as reduced ability to differentiate and infect

murine macrophages (Besteiro, Williams et al. 2006).

1.2.2. The role of MVBs in exosome release and their presence in Leishmania
MVBs were initially observed by EM studies of mammalian cells in the 1950s (Palade,

1955). Classical MVBs have since been well studied in mammalian cells and yeast and
are characterised by the presence of ILVs, ESCRT components and Rabs, in particular
Rab7 (reviewed in (Hanson and Cashikar, 2012)). Late endosomes contain activated
signalling proteins such as receptor-ligand complexes which are either recycled back
to the PM, or internalised into ILVs as the endosome matures into a MVB. MVBs fuse
with the PM to release exosomes or with lysosomes where the contents of ILVs are
degraded. Canonical mammalian MVBs are 100-600 nm across with ILVs ~50 nm
across. Both tetraspanin association and ubiquitination are implicated in targeting

proteins to ILVs (Hanson and Cashikar, 2012).

The function, structure and even presence of MVBs in Leishmania are poorly studied.

Single membrane-delimited organelles containing variable numbers of relatively
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homogeneous vesicles (<100 nm across) were first observed in L. donovani
promastigotes in 1969 and defined as MVBs based on their similar appearance to
mammalian MVBs (Djaczenko et al., 1969). Since then, MVBs have been mentioned in
several ultrastructural Leishmania studies (Hentzer and Kobayasi, 1977, Garcovich et
al., 1975, Vannier-Santos et al., 1995) but no detailed analysis of their biogenesis and

function has taken place.

A recent study in L. mexicana has identified a compartment called the multivesicular
tubule (MVT) which appears to have lysosomal function (Mullin et al., 2001) and has
only been described in Leishmania spp.. Time-lapse labelling with membrane dye FM
4-64 suggests that the MVT is a terminal compartment since the dye accumulates and
remains in the MVT. The collapse of the MVT upon treatment with an inhibitor of
vacuole-type H* ATPases suggests that the MVT is a lysosome-like compartment
(Mullin et al., 2001). Surprisingly, in log phase promastigotes the MVT has a relatively
high pH and low lytic capacity which increases greatly upon entry into stationary
phase (Mullin et al.,, 2001). The tubule extends along the majority of the cell and
contains small 30-50 nm vesicles reminiscent of ILVs in MVBs. Leishmania endosomes
are also structurally different to their mammalian equivalents, having a tubulo-
vesicular structure (Weise et al., 2000). The presence of the MVT is reliable and is
observed under many conditions since its first description by Mullin et al. (Besteiro et
al.,, 2006, Ghedin et al., 2001, Dodge et al., 2004, Sahin et al., 2008). It has been
observed that between the MVT and the Golgi are a series of MVBs which are
morphologically similar to mammalian MVBs (Mullin et al., 2001); possibly these

structures are analogous to the MVB-like structures observed in earlier studies
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(Djaczenko et al., 1969). Their function is unclear; the authors propose that the MVBs
carry material from the Golgi to the MVT in an analogous way to mammalian MVBs

carrying material from the Golgi and PM to lysosomal compartments.

Although it is assumed that Leishmania releases MVB-derived exosomes (Silverman
et al., 20104, Silverman and Reiner, 2011, Silverman et al., 2010b), in the study by
Mullin et al. (2001) MVBs were not observed close to or fusing with the flagellar
pocket (FP) (Mullin et al., 2001). An array of regularly spaced (~20 nm apart) sub-
pellicular microtubules spans the inner face of the cell body membrane (Gull, 1999),
excluding the FP, and the FP is the only site which is thought to allow endo- and
exocytosis in kinetoplastids (reviewed in (Overath et al., 1997)). Whether Leishmania
MVBs fuse with surface membranes to release exosomes remains unclear. EM
artefacts are a particular issue with MVBs; the internal structures are often poorly
preserved using conventional methods (Hanson and Cashikar, 2012). Indeed, Mullin
et al. observed that some Leishmania cells contained a series of MVB-like structures
in place of a MVT (Mullin et al., 2001), which may be an artefact of sample processing
for EM. Another study in L. mexicana observed MVB-like structures only in mutant
cells which lack AP-1, a membrane trafficking protein, and this was assumed to be the
result of MVT fragmentation. In the related parasite T. brucei, ‘MVBs’ were observed
only in mutant (trans-splicing deficient) or stressed cells (Eliaz et al., 2017). MVBs were
observed in a more in vivo context in both L. major and L. infantum promastigotes in
the sandfly midgut (Atayde et al., 2015), and in this context MVBs were also observed

fusing with the FP.
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An alternative approach to looking for MVB-like structures by EM is functional
conservation. One of the best studied signals targeting proteins to ILVs is
ubiquitination, including monoubiquitiniation and K63-linked polyubiqutination
(Hanson and Cashikar, 2012, Piper and Lehner, 2011). Evidence that there is ubiquitin-
dependent targeting to degradative vesicular compartments in Leishmania comes
from L. mexicana studies where the surface membrane protein myo-inositol
transporter was fused to monoubiquitin leading to its accumulation in the MVT (Vince

et al., 2011).

One of the only well-documented markers for MVBs in mammalian cells is Rab7
(Hanson and Cashikar, 2012). Rab7 immunofluorescence in L. major showed the
protein localises to a region between the nucleus and kinetoplast (Denny et al., 2002)
which is thought to correspond to the site of endocytosis from the FP in
trypanosomatids. Although it was not possible to determine by light microscopy, it is
possible based on its cellular location that the observed localisation of Rab7 in L. major
corresponds to the MVB-like structures which are sometimes observed in this region
by EM (Mullin et al., 2001). Rab7 localised to undefined locations adjacent to CPB-
positive late endocytic compartments immuno-gold labelling experiments; it was not
possible to determine, however, whether membranous structures corresponding to

MVBs or the MVT were present at these locations (Denny et al., 2002).

Another defining feature of MVBs is dependence on ESCRT complexes as well as the
ATPase Vps4 to drive ILV formation, and their disruption leads to impaired ILV
formation (Hanson and Cashikar, 2012). In L. major a dominant negative version of

Vps4 was overexpressed, leading to accumulation of the mutated protein in
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endosomal compartments and preventing normal trafficking of membrane dye to the
MVT (Besteiro et al., 2006). These results are consistent with the effects of mutating
VPS4 in yeast and mammalian cells (Lin et al., 2005, Babst et al., 1998), suggesting that
functional dependence on ESCRT in endosomal trafficking in Leishmania is conserved.
Overall, certain MVB functions and characteristics appear to be conserved in
Leishmania, but whether MVBs themselves are present at all and whether the MVT
represents the functional equivalent of mammalian MVBs or other endocytic
compartments remains unclear.

1.2.3. Ceramide-dependent multivesicular body formation

An ESCRT-independent mechanism for MVB formation involves conversion of
sphingomyelin to ceramide resulting in lipid microdomain coalescence and inward
curvature of endosomal membranes. Sphingomyelinase (SMase) is an essential
enzyme for catalysing ceramide production in mammals (Trajkovic, Hsu et al. 2008),
therefore the absence of sphingomyelin in Leishmania spp. (Kaneshiro et al., 1986)
suggests that this pathway may be absent. However, since the major form of
sphingolipid in Leishmania spp. is inositol phosphorylceramide rather than
sphingomyelin and ceramide, it is possible that a different enzyme fulfils the role of
sphingomyelinase in MVB formation. For example, a Leishmania protein with
homology to human neutral SMase, ISCL (Inositol phosphoSphingolipid phospholipase
C-Like), has sphingomyelinase activity as well as inositol phosphorylceramide
hydrolase activity. It seems that Leishmania spp. are able to utilise mammalian host
sphingomyelin; interestingly, ISCL sphingomyelinase activity specifically is required for
amastigote proliferation in a mouse model (Zhang, Xu et al. 2012). Conversely, only

the inositol phosphorylceramide hydrolase activity of ISCL specifically is needed for
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promastigote survival, suggesting that sphingomyelin is not essential in the sandfly
host (Zhang, Xu et al. 2012). Knockdown of one of the upstream synthetic enzymes of
sphingolipids in Leishmania, SPT2, leads to accumulation of ILV-like vesicles in internal
vacuoles and the FP (Zhang, Showalter et al. 2003) suggesting a possible increase in
MVB formation. This could be due to defects in the proper trafficking or degradation
of MVBs. Overall, it is not clear how specific lipids such as sphingomyelin contribute

to MVB formation and exosome release in Leishmania.

1.2.4. Tetraspanins’ role in extracellular vesicle formation
Tetraspanins are a variable superfamily of proteins characterised by four

transmembrane domains and four to six conserved extracellular cysteine residues.
The many mammalian superfamily members (>30) regulate diverse processes
including cell adhesion, membrane fusion and protein trafficking (reviewed in (Charrin
et al., 2014)). They form tetraspanin-enriched membrane microdomains and the
tetraspanin peripherin-2/rds plays a role in induction of membrane curvature
(Khattree, Ritter et al. 2013) which may be important in EV biogenesis (Andreu and
Yanez-Mo 2014). Tetraspanins CD63, CD9 and CD81 (Kowal et al., 2016) have been
used as EV markers, although the exact roles of tetraspanins in EV biology are largely
speculative. CD9 KO in murine DCs leads to defects in exosome release via an
unknown mechanism (Chairoungdua et al., 2010). It seems likely that tetraspanins
play a role in cargo selection due to their large number of interacting protein partners
including adhesion molecules and, interestingly, RNA binding proteins (Hemler, 2008).
While mammalian genomes encode many tetraspanins, there is only one gene
encoding a protein with a predicted tetraspanin domain, which has no mammalian

orthologues based on BLAST searches, in L. mexicana (LmxM.32.0170). This protein is
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uncharacterised and it would be interesting to see whether the level of EV release is

affected in KO parasites.

1.2.5. Actin
Actin and actin-binding proteins are commonly found in EV proteomes (Thery et al.,

2002b) and actin-dependent mechanisms are proposed for microvesicle and exosome
biogenesis. Knockdown of cortactin, which promotes actin polymerisation, leads to
decreased exosome release from mammalian cancer cells (Sinha et al., 2016).
Interestingly, actin has been implicated in flagellar microvesicle release (Nager et al.,
2016) (discussed in the following section). Concerning microvesicle biogenesis
generally, actin and Arf6—dependent PM budding is one of the few well-studied
mechanisms. Arf6 is a small PM-associated GTPase whose activation upon binding
GTP leads to phospholipase D (PLD) and subsequently Erk recruitment to the PM.
Phosphorylation and activation of myosin light chain kinase by recruited Erk induces
acto-myosin driven outward membrane budding and abscission (Muralidharan-Chari,
Clancy et al. 2009). The presence of this pathway in Leishmania spp. is hard to
determine due to the presence of large families of small GTPases and their GEFs
(guanine-nucleotide exchange factors) which have highly similar functional groups.

PLD is not encoded by L. mexicana whereas there is a good Erk1l homolog.

Another actin-dependent mechanism for microvesicle release involves membrane
nanotubes which dissociate into EVs, depending on complex interactions between
contractile forces, the underlying cytoskeleton and membrane composition (Jelercic
and Gov, 2015). This process is known as pearling. Pearling has been studied in the
context of intestinal microvilli, which are ~100 nm thick surface membrane

projections (by comparison the Leishmania flagellum is ~300 nm across) supported
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internally by actin-rich bundles. Upon myosin-1a activation, a membrane binding
motor protein, with ATP, microvillar membrane is translocated to the + end tips of
microvilli (McConnell and Tyska 2007). EVs are simultaneously shed from the
microvillar tips, resulting in maintenance of microvillar length. The authors propose a
model whereby the acto-myosin-driven contractile force exerted on the translated
membranes combined with the loss of membrane contact with the actin cytoskeleton
at the microvillar tip leads to instability and vesiculation. Membranes can also
undergo pearling upon loss of contact with the cortical actin cytoskeleton in a myosin-
independent manner, without the requirement for a contractile force (Heinrich, Ecke
et al. 2014). Most studies, however, find that tensile or contractile forces contribute
to pearling (McConnell and Tyska 2007, Yue, Zhang et al. 2014, Jelercic and Gov 2015),
although tension could be induced by osmotic pressure rather than protein machinery
(Yue, Zhang et al. 2014). In some cases, additional protein machinery such as dynamin
is required for membrane scission, but actin polymerisation itself can drive membrane
scission in a dynamin-independent manner (Kirkham and Parton 2005, Romer,
Pontani et al. 2010). Membrane cholesterol and sphingolipid content (Varkey, Isas et
al. 2010) and curved BAR domain proteins (Kishimoto, Sun et al. 2011) can also
contribute to nanotube formation and dynamics. In summary, while interplay
between the different factors contributing to pearling is complex, the intrinsic ability
of membranes to form nanotubes which undergo vesiculation is evident. Could there
be an analogous form of pearling in Leishmania? In that case, would the nanotube
undergoing vesiculation be the flagellum itself, with budding from the tip (with the
flagellum being analogous to the intestinal microvilli described above), or nanotubes

branching off the flagellum or cell body?
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1.2.7. Exocyst complex
The exocyst is an octameric complex involved in vesicle tethering and has been

implicated in EV release although its role in this process is poorly understood
(reviewed in (Martin-Urdiroz et al., 2016)). In the fungus Cryptococcus neoformans
knockdown of exocyst component Sec6 leads to abolishment of EV release (Panepinto
et al., 2009). All eight exocyst components were identified in human urinary EVs by
MS (Chacon-Heszele et al., 2014). Interestingly, in Madin-Carby Canine Kidney (MDCK)
cells exocyst components primarily localised to primary cilia (Rogers et al., 2004,
Chacon-Heszele et al., 2014) and EVs on the ciliary surface (Chacon-Heszele et al.,

2014), suggesting a possible link with ciliary EV release and/or function.

1.3. Known effects of Leishmania EVs on host cytokine secretion

In the last decade, the small number of studies on Leishmania EVs, mostly carried out
by Silverman et. al., have revealed several effects on host cell cytokine secretion. One
study was carried out using EVs from L. donovani promastigote cultures where the pH
was slowly dropped to pH5.5 at 37°C over 24 h, conditions which presumably induced
promastigote to amastigote differentiation (Silverman et al., 2010b). Human blood
monocytes were pre-treated with these EVs then infected with promastigotes for 12
h, and subsequently IFNy-stimulated for a further 24 h. Under these conditions IL-10
and IL-8 increased and TNFa decreased (Silverman et al., 2010b). L. donovani EVs were
also incubated with human blood monocyte-derived DCs overnight before inducing
DC maturation for a further 48 h. Under these conditions [L-12, TNFa and IL-10
secretion were inhibited, although it is worth noting that very high EV concentrations

of up to 100 pg/ml were required to induce significant effects (Silverman et al.,
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2010b). In the same study mice were pre-injected with L. donovani EVs twice over 5
weeks prior to infection with promastigotes for a further 5 weeks before harvesting
splenocytes for cytokine analysis. EV-treated mice had higher levels of IFNy, IL-10, IL-
17 and unchanged TNFa compared to control infected mice. In addition, the EV-
treated mice had higher parasite burdens than control mice, again suggesting that
Leishmania EVs promote infection (Silverman et al.,, 2010b). In summary, a single
study showed the ability of Leishmania EVs to either up- or down-regulate both pro-
inflammatory cytokines such as IFNy and TNFa and anti-inflammatory IL-10 under

different conditions.

A second study by Silverman et al. also confirmed the ability of Leishmania EVs to
induce IL-8 production (Silverman et al., 2010a). This time, L. major and L. donovani
EVs were isolated from 24 h cultures at 37°C at either pH5.5 or 7. EVs were incubated
with THP-1 macrophages and IL-8 production was increased while TNFa production
was unchanged (Silverman et al., 2010a). Interestingly, EVs from both Leishmania

species and pH conditions had similar effects.

Finally, Olivier et al. published the first study of Leishmania EVs which are released
from promastigotes in the sandfly midgut (Atayde et al., 2015). Stationary phase L.
major promastigotes were co-injected into mice footpads with EVs which were either
isolated from the infected sandfly midgut or from 4 h in vitro cultures at 37°C. The
MRNA levels of several cytokines in the draining lymph nodes were measured at 5
weeks post-infection: IL-2, IL-4, IFNy, IL-17a, IL-23 and IL-10 secretion were increased
compared to the non-EV-treated controls (Atayde et al., 2015). Interestingly, in vivo

and in vitro isolated EVs had similar effects on cytokine production, providing the first
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evidence that in vitro isolated Leishmania EVs may function similarly to EVs produced
in vivo. The fact that macrophage IL-8 secretion is increased by Leishmania EVs, as
well as by promastigote infection (Silverman et al., 2010a), suggests that there may
be similarities between the biological effects of Leishmania EVs and their cells of
origin. However, extensive studies to directly compare the effects of Leishmania
promastigotes and EVs on macrophage cytokine secretion have not yet been carried
out; whether Leishmania EVs, like promastigotes, can induce TNFa and IL-6 secretion

and inhibit IL-12 secretion has yet to be well established.
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1.4. Known mechanisms of macrophage cytokine secretion regulation and
their manipulation by Leishmania infection

While the biological effects of secreted cytokines on target cells and inflammation
have been extensively studied (Kelso, 1998), the mechanisms of release and
regulation are much less well understood, as will be discussed in this section. Similarly,
while the effects of Leishmania infection and EVs on cytokine secretion have been
well documented as discussed above in Sections 1.1.3 and 1.1.6 respectively, in many
cases the specific parasite factors and macrophage targets responsible remain elusive.
Cytokine secretion by macrophages can be induced in response to pro-inflammatory
stimuli such as LPS (Medzhitov and Horng, 2009), requiring signal transduction leading
to either de novo gene expression or post-transcriptional regulation. Most signalling
pathways leading to regulation of macrophage cytokine secretion studied thus far
have been shown to be pattern recognition receptor (PRR)-dependent (Moreira et al.,
2008, Boonstra et al., 2006, Gais et al., 2010). Downstream of protein expression, the
physical release of cytokines via classical or non-classical secretion is now being
recognised as a key regulatory step (Murray and Stow, 2014). Classical secretion is via
fusion of Golgi-derived vesicles with the PM (see Section 1.2.6) and non-classically
secreted proteins have no recognisable signal peptide and are secreted by
mechanisms including EV release (Stow et al., 2009). For only a subset of cytokines,
including TNFa and IL-6 (Stow et al., 2009, Neininger et al., 2002, Arango Duque et al.,
2013), are we beginning to build up a detailed picture of their secretion pathways and
modes of upregulation in response to stimuli such as LPS. It is becoming clear that
understanding the secretion mechanisms of one cytokine cannot necessarily help us
draw conclusions about others since the mechanisms uncovered so far have varied

greatly (Stow et al., 2009). It is also evident that conclusions cannot be made about
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cytokine secretion pathways in one cell type from studies that have been carried out
in another (Stow et al., 2009, Boonstra et al., 2006), therefore our discussion of

cytokine secretion by macrophages will largely be restricted to macrophage literature.

Golgi

Recycling endosome @'
(

Figure 1.4. Macrophage cytokine secretion. Cytokines are transcribed in the nucleus then
translated in the ER before being trafficked to the Golgi. Vesicles bud from the trans face of
the Golgi containing soluble cytokines such as IL-10 and IL-6 and/or membrane-bound pro-
cytokines such as pro-TNFa. These vesicles are trafficked to the plasma membrane either via
the recycling endosome (e.g. IL-6, TNFa and IL-10) or not (e.g. IL-10) and this involves specific
membrane tethering complexes including the SNARE VAMP3. When cytokine-containing
secretory vesicles fuse with the plasma membrane cytokines such as IL-10 and IL-6 are
released directly. Pro-TNFa is cleaved by TNFa-converting enzyme (TACE) allowing the release

of soluble TNFa.
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1.4.1. Surface receptors
The first points of contact between an external stimulus or pathogen and

macrophages are surface receptors. A small number of studies show that ligation of
macrophage surface receptors can modulate cytokine secretion in response to pro-
inflammatory stimuli (Gerber and Mosser, 2001), or even induce cytokine secretion
independently (Boonstra et al., 2006). Ligation of FcyR, an IgG antibody receptor
expressed on macrophages, by addition of E-IgG (IgG-opsonised erythrocytes) led to
specific suppression of IL-12 secretion and enhancement of IL-10 secretion when
murine BMDMs were stimulated with LPS, a toll-like receptor (TLR)-4 agonist (Gerber
and Mosser, 2001). IL-12 suppression, but not IL-10 enhancement, was also seen in
response to CR ligation, by addition of E-C3b/i in the presence of LPS stimulation
(Gerber and Mosser, 2001). Interestingly, these results were not dependent on
phagocytosis since latex beads could not replicate the effects. The molecular
mechanisms behind the ability of FcyR and CR ligation to modulate cytokine secretion
remain unknown. It was also shown that CD40 ligation induced IL-10 secretion in the
absence of additional stimuli, showing that TLR-independent pathways for cytokine

induction exist (Boonstra et al., 2006).

The finding that macrophage surface receptor ligation can modulate cytokine
secretion is important for host-pathogen interaction studies, since during infection
TLR agonists and other pathogen factors are likely to be present alongside surface
receptor ligands, either for host cell invasion or due to opsonisation. Leishmania
opsonisation has indeed been found to influence cytokine secretion by the
macrophages they infect; un-opsonised L. amazonensis amastisotes do not induce IL-

10 secretion in murine BMDMs whereas IgG-opsonised amastigotes do (Yang et al.,
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2007b). It was shown using wild type (WT) versus FcyR null macrophages that this
effect was dependent on the IgG receptor FcyR (Yang, Mosser et al. 2007.
Furthermore, the fact that inhibition of Syk, a tyrosine kinase involved in FcyR-
mediated signalling, suppresses IL-10 secretion in this context (Yang, Mosser et al.
2007) provides a clue about the signalling pathways downstream of surface receptors
which can modulate cytokine secretion, although much remains to be elucidated. In
addition to FcyR, Leishmania parasites also use CRs as surface receptors during
promastigote entry into macrophages (Ueno and Wilson, 2012). Both GP63 and LPG
on the promastigote surface bind C3b which can be presented as a ligand for CR1
(Ueno and Wilson, 2012). GP63 cleaves C3b to generate iC3b which can then bind to
CR3 to facilitate parasite uptake (Ueno and Wilson, 2012, Russell, 1987). However,
the downstream signalling pathways and possible effects on cytokine production in
Leishmania infection are yet to be uncovered. Overall, the impact of parasite-surface
receptor interactions on Leishmania-induced cytokine secretion remains poorly

studied.

1.4.2. Pattern recognition receptors and their adaptors
Most of the signalling pathways leading to regulation of macrophage cytokine

secretion studied thus far have been shown to be dependent on PRRs, particularly
TLRs (Moreira et al., 2008, Boonstra et al., 2006, Gais et al., 2010). TLRs bind to
pathogen-associated molecular patterns (PAMPs) such as LPS or cytosolic DNA and
initiate signalling cascades via adaptor proteins myeloid differentiation primary
response (MyD)-88 or TIR-domain-containing adapter-inducing interferon-B (TRIF)
leading to cellular responses including cytokine secretion (Boonstra et al., 2006). It

was shown using BMDMs from MyD88 and TRIF KO mice, that CpG and LPS signal via
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MyD88 to induce IL-10 secretion and that LPS and Poly I:C (a TLR3 agonist) signal via

TRIF (Boonstra et al., 2006).

The most studied PAMP-PRR interaction is LPS signalling via TLR4, which is known to
induce increased secretion of many pro-inflammatory cytokines such as TNFa, IL-6
and CXCL10, as well as anti-inflammatory cytokines including IL-10 (Ma et al., 2001,
Rossol et al., 2011). Other PRRs also induce cytokine secretion; in murine BMDMs,
unmethylated CpG motifs signal through TLR9 and MyD88 to induce IL-10 secretion
(Boonstra et al., 2006). It was also shown using BMDMs from KO mice that NOD2 (a
cytoplasmic PRR of the Nod-like receptor class) and TLR2 are needed for IL-10
production induced by purified pneumococcal cell wall (PnCW) (Moreira et al., 2008).
In addition, PnCW-induced TNFa, IL-6, IL-1ac and IL-12 production were all found to be
TLR2-dependent (Moreira et al.,, 2008). Finally, signal transduction via TLR3 was
shown to induce IL-10 production (Boonstra et al., 2006). These results show that
macrophages can transduce signals from a range of PAMPs to induce the same
cytokine response, reflecting the need to mount an innate immune response to

diverse pathogens.
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Table 1.2. Summary of Leishmania effects on host signalling. The main published effects of

Leishmania infection or Leishmania factors on host MyD88 and TLR signalling are listed.

Macrophage Leishmania-dependent effects Reference
effector
KO mice are more susceptible to L. | (Vargas-Inchaustegui et al.,
braziliensis infection 2009)
WT but not KO mice produce TNFa in | (de Veer et al., 2003)
MyD88 . .
response to purified L. major LPG
The amastigote glycoconjugate P8 PGLC | (Whitaker et al., 2008)
induces TLR4- and MyD88- dependent IL-12
and TNFa production (L. pifanoi)
KO mice are less susceptible to infection (L. | (Vargas-Inchaustegui et al.,
braziliensis and L. donovani) 2009, Murray et al., 2013)
KO mice are more susceptible to infection | (Halliday et al., 2016)
(L. mexicana and L. major)
LPG signals via TLR2 in human and murine | (lbraim et al.,, 2013, Rojas-
TLR2 macrophages Bernabe et al., 2014)
LPG-TLR2 complex formation confirmed in | (Becker et al., 2003)
NK cells (L. major)
Leishmania SIR2RP1 protein induces TLR2- | (Silvestre et al., 2009)
depedent IL-12 and TNFa secretion in DCs
(L. infantum)
?(O m!ce are more susceptible to L. major (Kropf et al., 2004)
infection
KO macroph.ages have strikingly higher L. (Gallego et al., 2011)
panamensis infection levels
TLR4 LPG signals via TLR4 in human and murine | (lbraim et al.,, 2013, Rojas-
macrophages Bernabe et al., 2014)
The amastigote glycoconjugate P8 PGLC
induces TLR4- and MyD88- dependent IL-12 | (Whitaker et al., 2008)
and TNFa production (L. pifanoi)
KO. mlcg .are . more s.usceptlble to (Abou Fakher et al., 2009)
Leishmania infection (L. major)
LPG reduces TLR9 expression, possibly via .
TLR9 TLR2 signalling (L. major) (Srivastava et al., 2013)
CpG repeats in Leishmania DNA are a TLR9
agonist leading to a protective immune | (Abou Fakher et al., 2009)
response (L. major)
TLRs 1, 2, 3 | L. panamensis infection induces increased
and 4 expression of these TLRs in macrophages (Gallego etal., 2011)

The published effects of Leishmania infection on MyD88 and TLR signalling are

numerous and sometimes conflicting; the main effects are summarised in Table 1.2.
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The adaptor protein MyD88 is important in Leishmania infection, as shown by the fact
that MyD88 KO mice are more susceptible to infection (Vargas-Inchaustegui et al.,
2009). The requirement for MyD88 in parasite clearance during murine infection
appears to be due to TLR-dependent induction of Thl cytokines, particularly IL-12,
which normally leads to parasite clearance in resistant C57BL/6 mice; MyD88 KO mice
secrete only low levels of IL-12 in response to infection (Muraille et al., 2003).
Macrophage-specific MyD88 likely plays an important role in murine resistance to
Leishmania infection since macrophages are a major source of IL-12 (Wang et al.,
1999), however the involvement of macrophages in these studies was not shown
directly. MyD88 is known to play a role in LPG-dependent macrophage signalling,
since murine macrophages from MyD88 KO mice are unable to produce TNFa in
response to purified L. major LPG unlike their wild-type counterparts (de Veer et al.,

2003).

The importance of TLRs in Leishmania infection is demonstrated by infection of TLR
KO mice and macrophages compared to WT controls. It is fairly well established that
TLR9- (Abou Fakher et al., 2009) and TLR4- deficient (Murray et al., 2013, Kropf et al.,
2004) mice are more susceptible to Leishmania infection, showing a protective role
for these TLRs. This protective role can also be seen at the macrophage level: L.
panamensis-infected TLR4 KO human macrophages have strikingly higher infection
levels than WT in the first 24 h post-infection (Gallego et al., 2011). Surprisingly, some
studies indicate that TLR2-deficient mice are less susceptible to infection (Murray et
al.,, 2013, Vargas-Inchaustegui et al., 2009). However, a different study showed a

protective role for both TLR2 and TLR4: L. major promastigote-infected TLR2 and TLR4
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KO mice had larger lesions than control mice (Halliday et al., 2016). The same study
also showed a protective role for TLR2, but not TLR4, in L. mexicana murine infection,
although substantial differences were only visible at around 10-12 weeks post
infection and the difference no more than two-fold (Halliday et al., 2016). What could
account for these apparently different roles for TLR2? The same mouse model, using
WT and TLR2 KO C57BL/6 mice, was used for all the murine infection studies
investigating the role of TLR2, but different Leishmania species were used (Halliday et
al., 2016, Vargas-Inchaustegui et al., 2009, Murray et al., 2013). A protective role of
TLR2 was shown for L. major and L. mexicana infection (Halliday et al., 2016) and the
opposite was shown for L. donovani (Murray et al., 2013) and L. braziliensis (Vargas-
Inchaustegui et al., 2009) infection. In addition to Leishmania species, the infection
level measure varies between studies; parasite load in the liver is commonly used to
measure L. donovani infection (Murray et al., 2013), while lesion size and parasite load
are used for cutaneous infection (Vargas-Inchaustegui et al., 2009, Halliday et al.,
2016). This latter consideration is particularly important when comparing results from
different studies, since lesion size and parasite load do not always correlate; one study
showed that L. braziliensis lesions in TLR2 KO mice were smaller than in control mice
while there was no difference in parasite load (Vargas-Inchaustegui et al., 2009). A
careful comparison in a single study of infection levels of both macrophages and mice
infected with several Leishmania species is required to help resolve the confusion
surrounding the role of TLR2. However, it is clear from numerous studies that
Leishmania infection is modulated by TLR signalling and therefore parasite factors

must exist to regulate TLRs directly or indirectly.
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One way in which Leishmania modulates TLR signalling is by upregulating expression
of TLRs themselves. L. panamensis infection of human macrophages induces
increased protein expression of TLRs 1, 2, 3 and 4, but not 9 (Gallego et al., 2011), and
upregulated TLR2 expression was also reported in response to purified L. donovani
antigens (Srivastava et al., 2012). The mechanisms of TLR upregulation were not

investigated.

Thus far, few parasite factors have been proposed as TLR ligands and the best studied
of these is LPG. LPG signals through surface receptors TLRs 2 and 4 in murine
(Srivastava et al., 2013, Ibraim et al., 2013) and human macrophages (Rojas-Bernabe
et al., 2014) and these studies were carried out using purified LPG from L. major, L.
infantum and L. braziliensis and L. mexicana respectively. L. major LPG-TLR2 complex
formation has been directly shown in human natural killer (NK) cells by
immunoprecipitation (Becker et al., 2003), and blocking experiments with
phosphoglycan-specific antibodies showed that TLR2 is likely to recognise the
phosphoglycan repeat domain of LPG (Becker et al., 2003). Whether LPG interacts
directly with TLR4 or TLR9 is unknown. TLR9 recognises intracellular CpG motif-
containing DNA and promotes a protective anti-leishmanial response (Abou Fakher,
Rachinel et al. 2009). LPG appears to modulate TLR9 expression, possibly via TLR2
(Srivastava et al., 2013). This was shown using high versus low LPG-expressing
parasites to infect macrophages and it was observed that the high LPG parasites
reduced TLR9 mRNA expression more than the low LPG parasites and that the
reduction in TLR9 expression was reversed by adding anti-TLR2 antibodies, suggesting

a TLR2 and LPG-dependent mechanism for TLR9 downregulation (Srivastava et al.,
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2013). TLR9 downregulation correlated with IL-10 and TGFB secretion but
dependency on reduced TLR9 signalling was not directly shown (Srivastava et al.,
2013). However, the two parasite strains with high and low LPG may have other
unknown differences in virulence factor expression which could account for these
effects. Given the documented protective role for TLR9 in Leishmania infection (Abou
Fakher, Rachinel et al. 2009), it would make sense that there are parasite mechanisms
to downregulate TLR9 signalling, although the exact mechanism of suppression

requires further study.

Two studies which used either macrophages from KO mice (lbraim et al., 2013) or anti-
TLR antibodies incubated with human macrophages (Rojas-Bernabe et al., 2014)
showed that blocking either TLR2 or TLR4 had the same effects on LPG-dependent
changes in cytokine production. These studies were carried out using purified LPG
from L. infantum and L. braziliensis, and L. mexicana respectively. However, evidence
that TLR2 and TLR4 signal differently in response to LPG comes from another study in
which TLR-deficient peritoneal murine macrophages were incubated with purified
LPG from L. amazonensis and found that p38, c-Jun N-terminal kinase (JNK) and
inhibitor of kappa B (IkB)-a activation was dependent on TLR4 but not TLR2 (Nogueira
et al., 2016). Therefore, the same controversy over whether TLR2 and TLR4 play

conflicting roles in infection is apparent at the level of response to LPG.

The different reported roles of TLR2 in infection may be partially explained by its
downstream signalling pathways; effects which are conducive to and deleterious to
Leishmania infection have both been shown. Different studies suggest that LPG-TLR2

interactions can lead to mitogen-activated protein kinase (MAPK) activation (Rojas-
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Bernabe et al., 2014), NF-kB nuclear translocation (Becker et al., 2003) and
transcription of inflammatory cytokines (Gaafar et al., 1995). These effects are
presumed to lead to enhanced Leishmania clearance, although this was not shown
directly. On the other hand, LPG-TLR2 signalling has been proposed to down-regulate
TLR9 signalling leading to reduced anti-leishmanial responses (Srivastava et al., 2013).
Whether these events can occur simultaneously under the same conditions is
unknown, but it is possible that the balance of these effects could determine the

overall effect of TLR2 on disease outcome under different conditions.

A small number of other factors have been proposed as TLR ligands during Leishmania
infection. Direct binding of Leishmania DNA to TLR9 has been proposed: it was shown
using TLR9-deficient DCs from mice that both L. major parasites and isolated DNA
induce IL-12, IL-6 and IFNy mRNA expression in a TLR9-dependent manner (Abou
Fakher et al., 2009). Isolated mammalian DNA does not induce the same effects and
the effect of Leishmania cells or isolated DNA was abolished by DNAse treatment,
suggesting that CpG repeats in Leishmania DNA are the likely ligand for TLR9 (Abou
Fakher et al., 2009). Further studies are required to determine whether Leishmania

DNA could also trigger cytokine secretion via TLR9 in macrophages.

P8 proteoglycolipid complex (P8 PGLC) is a glyconjugate which is highly expressed on
the Leishmania amastigote surface (Whitaker et al., 2008). IL-12 and TNFa are
upregulated in macrophages in response to purified P8 PGLC (Whitaker et al., 2008).
It was shown using BMDMs from KO mice that this cytokine induction is TLR4- and
MyD88-dependent but not TLR2-dependent (Whitaker et al., 2008). TLR4 is also

important for TNFa induction by amastigotes (Whitaker et al., 2008). Parasite burden

55



is slightly increased in amastigote-infected TLR4 KO mice compared to WT mice, which
is likely to be the result of decreased pro-inflammatory cytokine release in the
absence of TLR4 signalling (Whitaker et al., 2008). Direct TLR4-P8 PGLC interaction is
not shown in this study and there is no use of P8 PGLC-deficient parasites to
demonstrate the importance of this factor during infection, therefore more research

is needed to determine whether P8 PGLC is a true TLR4 ligand.

The silent information regulator 2 related protein 1 (SIR2RP1) protein induces IL-12
and TNFa secretion in DCs from B57BL/6 WT mice, and this effect is abrogated in DCs
from TLR2 KO mice (Silvestre et al., 2009). Interestingly, although SIR2RP1 also
induces IL-12 and TNFa secretion in macrophages, there was no difference in cytokine
secretion between the infected WT and TLR2 KO macrophages, suggesting that
SIR2RP1 signals via a different unknown receptor in macrophages. Whether SIR2RP1

directly binds ILR2 in DCs remains unknown.

One study has proposed a mechanism of parasite-induced TLR modulation whereby
host factors are the TLR ligand. Inhibitor of serine peptidase 2 (ISP2) KO L. major
parasites have lower survival in macrophages and this effect is dependent on TLR2
and neutrophil elastase (NE), a serine peptidase released from neutrophils during
Leishmania infection (Faria et al., 2011). Therefore, it is suggested that NE signals
through TLR4 to induce parasite killing, and that the L. major protein ISP2 can
counteract this effect through NE inhibition (Faria et al., 2011). However, it was not
shown whether NE is a direct ligand for TLR4 or whether ISP2 is able to directly inhibit
NE, although it does have serine peptidase inhibiting activity. In fact, a recent report

shows that NE induces TLR4 activation indirectly by cleaving the fibronectin variant
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containing the extra domain A (FNIII EDA), revealing a cryptic binding site (Julier et al.,
2015). Furthermore, this study shows that NE alone cannot activate TLR4 as
determined by a HEK cell NFkB activation readout (Julier et al., 2015). Whether
FNIIIEDA is the TLR4 ligand acting downstream of NE in Leishmania infection remains
to be investigated. If this is the case this shows that Leishmania parasites have

developed elaborate ways to modulate TLR signalling.

These experiments were carried out in either murine or human cells; care must be
taken when inferring effects between the two species. Although the overall TLR
signalling outcomes are similar many specific differences in induced genes and
sensitivity have been reported (Schroder et al., 2012, Vaure and Liu, 2014, Ariffin and

Sweet, 2013, Reynolds and Haniffa, 2015).

1.4.3. Regulation of cytokine expression through MAPKs and other downstream
signalling pathways
MAPKs fall into three classes: extracellular signal-related kinase (Erk)-1/2, JNKs and

p38. They are typically activated at the PM by small GTPases in response to surface
receptor-transduced stimuli, including PAMP-TLR interactions (Arthur and Ley, 2013).
MAPKSs play an important role in cytokine induction and regulation, both via activation
of transcription factors to regulate de novo gene expression (Arthur and Ley, 2013)
and via post-transcriptional control (Tiedje et al., 2014). In IL-8 gene expression for
example, p38, Erk1/2 and JNK pathways have all been shown to contribute through
transcription factor activation (Hoffmann et al., 2002). It was shown using specific
inhibitors that p38 MAPK signalling is required for LPS-induced IL-10 expression in

THP-1 macrophages (Ma et al., 2001).
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MAPK signalling downstream of TLRs is complex and different agonist-TLR complexes
signal via one or more of the MAPK classes to varying extents (Peroval et al., 2013).
For instance, one study has shown that Erk1/2 is not a downstream effector of TLR2
for PNCW-dependent IL-10 secretion in murine BMDMs (Moreira et al., 2008).
However, Erk1/2 is involved in the TLR2-dependent IL-10 response to zymosan (Slack
et al., 2007). These data show that TLR2 signalling can induce IL-10 secretion with

different intermediate signalling pathways depending on the context.

Signalling pathways other than MAPKs also regulate cytokine expression. The second
messenger molecule cyclic adenosine monophosphate (cAMP) inhibits inflammatory
gene expression (among other functions), including TNFa, in murine macrophages
(Wall et al., 2009). This was shown to be mediated by activated protein kinase A (PKA)
which regulates cytokine gene expression via unknown mechanisms (Wall et al.,
2009). SHP-1, a protein tyrosine phosphatase, has been extensively studied as a
negative regulator of T cell receptor signalling (Stefanova et al., 2003). SHP-1 also
appears to play a role in cytokine secretion in macrophages, since LPS-stimulated
macrophages from SHP-1 KO mice have enhanced TNFa production and reduced IL-
10 production (Okenwa et al., 2013). SHP-1 knockdown is also able to reduce IL-10
production and enhance TNFa production. There seem to be at least two pathways
governing IL-10 production in murine macrophages, since p38 signalling also induces
LPS-dependent IL-10 production in a SHP-1-independent manner (Okenwa et al.,
2013). Pyk2 (a focal adhesion proline-rich tyrosine kinase) and Src (a protein tyrosine
kinase) are also activated downstream of SHP-1 to induce IL-10 gene expression

(Okenwa et al., 2013).
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These studies highlight the complexity and redundancy of signalling pathways which
regulate cytokine secretion. Therefore they offer many targets which could be
modulated by pathogens to alter cytokine production. Both general Leishmania
infection and the specific parasite factors EF-1a, GP63 and LPG have been found to
target these pathways and MAPK regulation by trypanosomatid parasites has been

recently reviewed (Soares-Silva et al., 2016).

Conflicting studies exist as to whether live Leishmania promastigotes induce MAPK
activation. In contrast to a study which finds that L. donovani parasites do not induce
activation of the three MAPKs (Prive and Descoteaux, 2000), another found that
activation of Erk1/2, p38 and JNK in BMDMs is increased by L. mexicana infection
(Shweash et al., 2011). In addition, L. major infection of macrophages induces JNK
activation, and importantly KC cytokine secretion by these macrophages was found

through the use of inhibitors to be JNK-dependent (Filardy et al., 2014).

These discrepancies could be due to the effect of different Leishmania species,
although another study found that L. donovani did not evade p38 activation
altogether, rather there was initial p38 activation in response to infection which
disappeared within 18 h (Junghae and Raynes, 2002); whether this subsequent
downregulation of p38 is due to parasite-driven mechanisms is unclear. Inhibition of
IFNy-dependent Erk activation in L. donovani infection was found to be dependent on
SHP-1 (Forget et al., 2006). Studies carried out in L. donovani have shown that SHP-1
can be bound and activated by parasite EF-1a; direct interaction between Leishmania
but not host EF-1a and SHP-1 was shown and Leishmania EF-1a increased SHP-1

phosphatase activity both in vitro and in macrophages (Nandan et al., 2002). Since EF-

59



1a-SHP-1 interactions have not been studied in other Leishmania species, it is possible
that this mechanism is specific to or upregulated in L. donovani, which may explain

the different levels of MAPK activation between Leishmania species.

Leishmania virulence factors GP63 and LPG have also been found to target SHP-1 and
MAPKs. L. major GP63 is able to cleave SHP-1 in vitro, and the resulting cleavage
fragments from infected B1OR murine macrophages have higher phosphatase activity
than SHP-1 from uninfected macrophages or macrophages infected with GP63 KO
parasites (Gomez et al., 2009). While it is known that downregulation of SHP-1 in
Leishmania infection leads to increased release of pro-inflammatory cytokines
(Okenwa et al., 2013), the exact effects of Leishmania EF-1a- and GP63- dependent
SHP-1 upregulation on macrophage cytokine release have not been addressed. The
fact that SHP-1 is upregulated by Leishmania factors via at least two different
mechanisms perhaps highlights the importance of SHP-1 activity in Leishmania
infection. Thisidea is supported by the fact that SHP-1 KO macrophages and mice have
dramatically lower parasite loads when infected with L. major compared to controls

(Forget et al., 2001).

While the effects of Leishmania-dependent MAPK regulation on macrophage cytokine
release requires further study, some effects have been reported. Although Erk MAPKs
were found not to play a role in uninfected murine macrophages in LPS-induced IL-10
secretion (Moreira et al.,, 2008), in L. amazonensis-infected macrophages Erk1/2
activation leads to phosphorylation of histone H3 at the IL-10 promoter leading to
recruitment of specificity protein 1 (Sp1) and IL-10 transcription (Yang et al., 2007b).

It can be speculated that this Erk1/2-dependent cytokine regulation benefits the
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parasite since high IL-10 levels are associated with non-resolving infection, and indeed
it was shown that Erk1/2 inhibition reduced lesion size in infected mice (Yang et al.,
2007b). However, it cannot be concluded from this study whether it was the loss of
Erk1/2-dependent IL-10 production which specifically led to reduced lesion size; the

loss of other Erk1/2-dependent effects may have driven the reduction in infectivity.

Purified LPG from L. donovani (Balaraman et al., 2005) and L. major (de Veer et al.,
2003) induces phosphorylation and activation of p38 and Erk1/2 leading to increased
production of pro-inflammatory cytokines in murine macrophages, and L. mexicana
LPG (Rojas-Bernabe et al., 2014) induced the same responses in human macrophages.
In live L. donovani cells, however, LPG was found to have the opposite effect; LPG1
and LPG2 KO parasites, which are unable to produce LPG, induce robust Erk1/2
activation whereas WT parasites do not (Prive and Descoteaux, 2000), suggesting a
suppressive role for LPG. These conflicting results support the idea that purified LPG
and live parasite-associated LPG may function differently in several respects.
However, another study showed the same increase in IL-12 production induced by
both purified and cell-associated L. major LPG under the same conditions (Favila et
al., 2015); more studies comparing the effects of purified versus cell-associated LPG

under the same conditions would be valuable to the field.

One possible explanation for conflicting results between cell-associated and purified
LPG could be the absolute amount of purified LPG added to host cells compared to
the amount of LPG that would be present if whole promastigotes were added.
Working on the basis that 1 mg of LPG can be isolated from 10'° L. major

promastigotes (Opat et al., 1996), most studies appear to add roughly the same
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amount of LPG, + 10-fold, to target cells as would be delivered with a live Leishmania
multiplicity of infection (MOI) of around 10 (Favila et al., 2015). However, even if the
absolute concentrations of LPG present when either purified LPG or live cells are used
in experiments, it is highly likely that soluble versus surface-immobilised LPG behave
differently and can interact with their binding partners to different extents. This could
be due, for example, to the GPI anchor being inaccessible when LPG is membrane-
bound or the presence of other membrane-associated Leishmania factors alongside
membrane-bound LPG which could modulate the interaction of LPG with host
receptors. Increases in LPG dose generally leads to increases in its effects (Rojas-

Bernabe et al., 2014, Favila et al., 2015).

In summary, while direct regulation of host SHP-1 by Leishmania EF-1a and GP63 has
been demonstrated, the downstream effects on cytokine production require
investigation. On the other hand, many effects of Leishmania infection on MAPK
activation have been reported, but the exact regulatory mechanisms remain unclear.
Conflicting roles for LPG in MAPK regulation have been shown from studies using
purified LPG or whole cells, and determining the exact molecular target of LPG which
governs these effects would be a valuable step forward. In many cases, Leishmania-
driven MAPK regulation remains to be linked to downstream changes in cytokine

production by macrophages and thus requires further study.

1.4.4. Transcriptional regulation of cytokine production
The extent to which cytokines rely on de novo gene expression for their induction in

response to stimuli varies. In general, the secretion of cytokines such as IL-6 and TNFa

which are released very quickly (within 2 h) following stimulation, for example by LPS,
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is heavily dependent on post-transcriptional control of pre-existing mRNAs (Stow et
al., 2009, Neininger et al.,, 2002). Whereas for cytokines such as IL-10, which are
released later, de novo transcription is essential for proper induction (Slack et al.,
2007). In every case, a mixture of de novo gene expression and post-transcriptional
control are likely to contribute to different extents to cytokine induction, as has been
shown for IL-8 where both levels of control play important roles (Hoffmann et al.,
2002, Winzen et al., 1999). In general, while many transcription factors are known to
regulate cytokine production, the mechanisms of transcriptional regulation of
particular cytokines are poorly understood and in most cases a cytokine is under the
transcriptional control of several transcriptional activators and/or repressors.
Different classes of transcription factors in macrophages exist with distinct properties
governing their potential control mechanisms. Class | transcription factors, including
NFkB and interferon regulatory factors (IRFs), are constitutively expressed but need
to be activated, so control mechanisms can include regulation of coactivators or
inhibitors, such as the NFkB inhibitor IkB, and regulation of nuclear translocation
(Medzhitov and Horng, 2009). Class Il TFs are de novo synthesised so here regulation
could include transcriptional regulation and they are usually constitutively nuclear
once expressed; ATF3 belongs to this class and often acts as a suppressor of LPS-
induced genes (Medzhitov and Horng, 2009). Finally, the class Il lineage-specific
factors are constitutively expressed and active in the nucleus but their control of
specific genes is still inducible. Lineage-specific TFs which are expressed in
macrophages include PU.1, C/EBPB, IRF8 and RUNX1 (Medzhitov and Horng, 2009).
NFkB is one of the best studied transcription factors and has been shown to induce

the transcription of most LPS-induced genes (Medzhitov and Horng, 2009) including
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CXCL1 (Kanayama, Inoue et al. 2015), CXCL10 (Brownell, Bruckner et al. 2014) and
CXCL11 (Yang, Wei et al. 2007). Many cytokine promoters have NFkB binding sites,
including CXCL10 (Fukumoto et al., 2012) and IL-8 (Jundi and Greene, 2015). The IL-8
promoter also has activator protein (AP)-1 and C/EBPbeta binding sites, although

NFkB in particular is essential for its transcription (Hoffmann et al., 2002).

Of course, other transcription factors also have documented roles in cytokine gene
expression. CXCL10 transcription can also be suppressed by AP-1 and C/EBP-B, and
activated by IRF3 (Brownell, Bruckner et al. 2014). The CXCL10 promoter has both
interferon-sensitive response elements (ISREs) and NFkB-binding sites. LPS-induced
CXCL10 transcription is dependent on endogenous LPS-induced IFNB, which activates
STAT1/STAT2/IRF-9 complex-dependent transcription from the ISRE in the CXCL10
promoter (Fukumoto et al., 2012). This result is supported by the fact that LPS-induced
expression of CXCL10 is impaired in STAT1-deficient mice (Fukumoto et al., 2012).
Interestingly, suppression of CXCL10 gene expression was achieved by secreted
parasitic products from Spirometra erinaceieuropaei by targeting multiple points in
the pathway: IFNP transcription and STAT1 S727 phosphorylation were suppressed

leading to decreased transcription from the CXCL10 ISRE (Fukumoto et al., 2012).

While most cytokine genes seem to be under the control of several transcription
factors, one study has shown by truncating the IL-10 promoter that only the Sp1l
transcription factor binding site is needed for LPS-induced IL-10 production in THP-1
cells (Ma et al., 2001). However, this analysis was done using a plasmid construct, so
conceivably other transcriptional activators would be required in the context of

chromatin. There are many coactivators of Spl, as with other transcription factors,
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including CRSP, Rb, hTAFIl 130, and their modulation can also lead to cytokine
regulation. Spl has also been shown to play a role in IL-10 production in murine

macrophages (Brightbill et al., 2000).

In addition to transcription factors, chromatin remodelling is a key regulatory
mechanism for cytokine gene expression and the roles of histone modifications in the
regulation of cytokine expression are beginning to be uncovered. Histone
deacetylation within the IL-8 promoter leads to suppression of gene expression (Jundi
and Greene, 2015). Reversing these mechanisms, for example through HDAC
inhibition or HAT upregulation, leads to derepression of IL-8 transcription (Jundi and
Greene, 2015). Histone H3 phosphorylation at serine 10 as a result of p38 signalling
leads to NFkB recruitment, which can induce transcription of NFkB-dependent
cytokines (Medzhitov and Horng, 2009). Histone H2A ubiquitination, which is
mediated by the histone H2A ubiquitin ligase 2A-HUB, inhibits CXCL10 expression in
macrophages (Medzhitov and Horng, 2009, Zhou et al.,, 2008). Histone 3 Lys27
trimethylation can also lead to repression of LPS-induced genes (Medzhitov and
Horng, 2009, De Santa et al., 2007). Furthermore, chromatin remodelling complexes,
which move nucleosomes to alter promoter accessibility, such as SWI/SNF also have

a role in regulating accessibility of cytokine promoters (Medzhitov and Horng, 2009).

Studies on transcription factor regulation by Leishmania factors have mostly focussed
on NFkB and AP-1, both of which are important regulators of the macrophage pro-
inflammatory response (Ricote et al., 1998, Lawrence and Natoli, 2011). Several
reports have shown that NFkB is activated in response to purified LPG using both

luciferase assays for transcriptional activity in RAW-ELAM cells (de Veer et al., 2003)
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and WBs (Becker et al., 2003) to confirm nuclear translocation. Similarly, the
transcription factor AP-1 is activated in response to purified LPG (Balaraman et al.,
2005). However, comparing the effects of WT versus LPG null parasites suggests that
live parasite-associated LPG does not activate AP-1 (Contreras et al., 2010) and NFkB
(Prive and Descoteaux, 2000). It should be noted, however, that this may not be true
under all conditions and for all combinations of Leishmania species and host cell.
Furthermore, the effects of Leishmania infection on NFkB transcription are complex,

as discussed below in this section.

Leishmania infection of macrophages induces the GP63-dependent cleavage of the
NFkB subunit p65, resulting in a p35 fragment which translocates as a novel dimer
with p50 to the nucleus and is still able to bind the NFkB consensus DNA binding site
(Gregory et al., 2008). The authors postulate that this novel NFkB dimer could still be
transcriptionally active, although this was not shown directly and the p35 fragment is
predicted not to retain the p65 transactivation domain (Gregory et al., 2008). Both L.
major EVs (Hassani et al., 2014) and the L. mexicana secreted proteome (Hassani et
al., 2011) also induce nuclear translocation of this novel form of NFkB, and they also
induce more nuclear translocation of the p50/p50 and p50/p65 forms compared to
live cells. GP63 has also been reported to degrade and reduce the nuclear
translocation of AP-1; drastically reduced AP-1 binding to macrophage nuclear DNA
was shown in response to WT but not GP63 KO L. donovani, L. mexicana and L. major
cells (Contreras et al.,, 2010). Furthermore, a direct role for GP63 in the
downregulation of AP-1 is supported by the fact that GP63 and the AP-1 subunit c-Jun

interact in immunoprecipitation studies and GP63 can cleave purified c-Jun in vitro
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(Contreras et al., 2010). Reduced AP-1 activity is also apparent in response to both L.
major EVs (Hassani et al., 2014) and the L. mexicana secreted proteome (Hassani et
al., 2011), although to a lesser extent than induced by live parasites. Whether these
differences between secreted factors and live cells is due to differences in the dose of

GP63 is unclear.

Other studies using WT versus KO parasites state that NFkB (Cameron et al., 2004)
and AP-1, in addition to STAT1a, activity is reduced in a cysteine peptidase b (CPB)-
dependent manner (Abu-Dayyeh et al., 2010), in conflict with the GP63-dependency
discussed above. CPB is a protein which is upregulated in the amastigote form of the
parasite (Souza et al., 1992). These discrepancies are likely to be explained by the
recent discovery that in L. mexicana CPB is required for the expression of WT levels of
GP63, since GP63 expression is lower in CPB KO parasites (Casgrain et al., 2016). Given
the lack of studies showing direct interaction between CPB and transcription factors,
while there is evidence for direct cleavage of AP-1 by GP63 (Contreras et al., 2010), it
seems likely that the effect of CPB KO parasites on transcription factors is due to the
indirect effects on GP63 activity. This hypothesis is further supported by evidence that
GP63 but not CPB is required for p65 cleavage in response to Leishmania infection
(Gregory et al., 2008). However, the ability of both promastigotes and amastigotes to
efficiently reduce NFkB and AP-1 activity is inconsistent with GP63-dependency since

amastigotes express greatly reduced amounts of GP63 (Abu-Dayyeh et al., 2010).

These results suggest that Leishmania EVs and live cells reduce AP-1 activity and
modulate NFkB activity. The exact downstream effects on cytokine expression remain

largely unknown. An important unanswered question is whether the novel p35/p50
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form of NFkB can initiate transcription and if so does it have a different set of
transcriptional targets from the conventional complexes. In addition, the roles of
GP63 and CPB in the downregulation of macrophage transcription factors need to be
further investigated considering the newly acquired knowledge that CPB regulates
GP63 expression. The ability of these parasite factors to cleave transcription factors
should be tested systematically in vitro, and whether the same factor is responsible
for transcription factor degradation in response to promastigote and amastigote
infection should be addressed. Finally, while one study has found that L. donovani
infection induces changes in macrophage DNA methylation (Marr et al., 2014), the
effect of Leishmania-dependent chromatin remodelling on cytokine expression
remains understudied. Further research in this area could yield new insights into

Leishmania-dependent cytokine regulation.

1.4.5. Post-transcriptional regulation of cytokine expression
Regulation of mRNA stability and translation efficiency is a key mechanism of cytokine

control, particularly for cytokines such as TNFa and IL-6 which are among the first to
be released after LPS stimulation and pre-existing pools of mRNA are the main source

of translated cytokine. (Stow et al., 2009, Neininger et al., 2002)

MAP kinase-activated protein kinase 2 (MK2) is a serine/threonine kinase
downstream of p38 signalling which plays an important role in post-transcriptional
cytokine regulation. This is supported by the fact that MK2-deficient mice are unable
to induce normal levels of TNFa, IFNy, IL-1 and IL-6 in response to LPS (Neininger et
al., 2002). Splenocytes from MK2 KO mice are unable to induce TNFa in response to

LPS, unless the AU-rich element (ARE) in the TNFa 3’ UTR is deleted (Neininger et al.,
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2002). AREs are important regions for the post-transcriptional control of several
cytokines, including TNFa, IL-8 and IL-10 (Winzen et al., 1999, Anderson, 2008, Gais et
al., 2010). Although the exact mechanisms are unknown, there appears to be at least
two ways in which MK2 modulates cytokine expression via ARE elements: MK2
regulates IL-6 mRNA stability via ARE-like regions in the 3’ UTR, and regulates TNFa
translation via the ARE elements in 3’ UTR (Neininger et al., 2002). Upstream of TNFa
regulation, MK2 is activated by TLR4-dependent signalling via TRIF and p38 (Gais et
al., 2010). IL-8 mRNA stabilisation via an ARE element is also mediated by the p38-
MK2 pathway (Winzen et al., 1999). It remains unclear whether MK2 interacts directly
with ARE elements, it is perhaps more likely that MK2 phosphorylates other RNA-
binding proteins; ARE regions are bound by lots of positive and negative regulating
proteins which modulate stability and/or translation and kinases such as MK2 can

regulate their activity (Anderson, 2008).

Although this area is not well studied, small non-coding RNAs (ncRNAs), such as micro
(mi)RNAs or small interfering (si)RNAs, bind and regulate cytokine transcripts by
specifically targeting them to the RISC machinery for degradation (known as RNA
interference or RNAI), or by modulating the efficiency of translation or poly(A) tail
shortening (Agrawal et al., 2003). miRNAs and siRNAs are cleaved from double-
stranded or hairpin RNAs into shorter ~20-25 nucleotide fragments (Agrawal et al.,
2003). miR369 has been shown to bind TNFa 3’ UTR (Anderson, 2008). miR155
reduces IL-4, IL-5 and IL-10 expression in T cells (Anderson, 2008) and is also present
in macrophages (Testa et al., 2017), although it is not clear if its effects are direct or

indirect. Evidently, miRNAs have the potential to regulate cytokine production, both
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by regulating the degradation of cytokine mRNA and by targeting other mRNAs

encoding regulators of cytokine secretion.

Hypothetically, Leishmania infection could regulate post-transcriptional control of
cytokines by modulating host mechanisms or by delivering parasite ncRNAs and
MRNAs. The former has been more extensively studied; several changes in the levels
of host ncRNAs in response to Leishmania infection have been documented, although
in most cases the mechanisms are unknown. miRNAs targeting components of MAPK
signalling pathways are deregulated in L. major and L. donovani-infected
macrophages (Geraci et al., 2015). miR120 is upregulated in L. major-infected murine
macrophages, and suppression of this miRNA led to a decrease in parasite load (Frank
et al., 2015), indicating the importance of this miRNA in promoting infection. A screen
of 365 human miRNAs found that 64 macrophage miRNAs are consistently
deregulated in response to L. major infection during the first 24 h (Lemaire et al.,
2013). Interestingly, several of the deregulated miRNAs are documented to modulate
TLR signalling. gRT-PCR confirmed that the levels of five deregulated miRNAs which
target chemokine mRNAs negatively correlate with their target chemokine mRNA
level. Leishmania-induced upregulation of at least one of the miRNAs, miRNA-210, is
dependent on the transcription factor hypoxia-inducible factor (HIF)-1a, which is
known to regulate transcription of this miRNA. However, it is not known how
Leishmania regulates this transcription factor and it was not shown directly whether
Leishmania infection does increase HIF-1a activation. miR-210 targets and inhibits the

NFkB signalling pathway in macrophages (Qi et al., 2012, Zhang et al., 2015).
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Infection of RAW macrophages with L. donovani decreases expression of the
endosomal sorting complex required for transport (ESCRT) protein hepatocyte growth
factor-regulated tyrosine kinase substrate (HRS), leading to inhibition of MVB
formation (Bose et al., 2017). MVBs are emerging as an important site for dissociation
of RISC complexes and recycling of RNAi machinery (Lee et al., 2009, Gibbings et al.,
2009). Consistent with this, mRNA and protein expression is affected in the infected
macrophages (Bose et al., 2017), including increased IL-6 mRNA expression. It should
be noted that inhibition of the ESCRT complex would lead to pleiotropic cellular
defects in membrane trafficking, cytokinesis etc., therefore further experiments are
needed to determine whether changes in mRNA levels are due to RNAi regulation or

to global cellular changes as a result of ESCRT inhibition.

Degradation of the essential RNAi component Dicer by L. donovani has been
documented. GP63 is probably the mediator; GP63 induces the same Dicer cleavage
in vitro as the cleavage observed in vivo in infected Huh7 liver cells (Ghosh et al.,
2013). Dicer cleavage likely leads to global down-regulation of RNAI, including the
post-transcriptional control of cytokines, although this was not investigated. The
specific accumulation of pre-miR122 and a decrease in the level of miR-122 was
observed (Ghosh et al., 2013). More research is needed to confirm whether GP63
directly cleaves Dicer and what global effects Dicer cleavage has on Leishmania
infection. Crucially, to what extent does Dicer cleavage contribute to the global
changes in gene expression, and cytokine gene expression in particular, observed in
Leishmania-infected cells (Fernandes et al., 2016, Ovalle-Bracho et al., 2015, Dillon et

al., 2015)?
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Leishmania could also modulate macrophage post-transcriptional control by
delivering its own ncRNAs to target host mRNAs for silencing or its own mRNAs to be
transcribed by the host cell. Delivery of parasite ncRNAs to host cells via EVs is
relatively well documented and has been the subject of recent reviews (Bayer-Santos
et al., 2017, Lefebvre and Lecuyer, 2017), although thus far, very few specific parasite
ncRNAs have been studied and found to modulate host gene expression. In
mammalian cells, EVs deliver mRNAs and miRNAs which are functional in the target
cell (Ramachandran and Palanisamy, 2012), suggesting that the same may be true of
parasite-derived RNAs in host macrophages, although there are no specific examples
yet. Importantly, essential RNAi machinery is partially absent or non-functional in
several trypanosomatid species, including T. cruzi, L. mexicana and L. donovani, but is
present in L. braziliensis (Lye et al., 2010). Species with non-functioning RNAi do not
generate conventional miRNAs or siRNAs. Interestingly, even in mammalian species
with intact RNAi machinery, the majority of RNAs identified in EVs are ncRNAs derived
from rRNA and tRNAs, with typically only ~10% of RNAs being mRNAs or miRNAs
(Miranda et al., 2014, Li et al., 2014, Nolte-'t Hoen et al., 2012). Despite this, most
mammalian studies have focussed on the functional significance of mMRNA and miRNA
EV cargo (Ramachandran and Palanisamy, 2012). Whether rRNA- and tRNA- derived
RNAs are able to mediate post-transcriptional regulation in the target cell is beginning
to be uncovered. tRNA-derived small RNAs (tsRNAs) are ~32 nucleotide fragments of
mature tRNAs. They bind Argonaute proteins, an essential part of the RNAi machinery,
and modulate siRNA- and miRNA- dependent RNAi efficiency by competing for
Argonaute binding (Haussecker et al., 2010). In fact, two abundant tsRNAs found in T.

cruzi EVs, TSRNA™ and TsRNA'Y, were individually transfected into Hela cells and the
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MRNA levels of 23 host genes, including cytokines CXCL1 and CXCL2, were more than
3-fold up- or down- regulated (Garcia-Silva et al., 2014). These are currently the only

specific parasite ncRNAs with documented effects on host cells.

The few Leishmania and T. cruzi studies on EV RNA cargo have also found that the
majority of RNAs are rRNA- and tRNA- derived, with even lower proportions of mRNAs
than in mammalian studies (Garcia-Silva et al., 2014, Bayer-Santos et al., 2014,
Lambertz et al., 2015). L. braziliensis but not L. donovani EVs contain a very small
number of siRNAs, consistent with their having intact RNAi machinery (Lambertz et
al., 2015). However, for both species the majority (>90%) of RNAs were derived from
rRNAs, intergenic unannotated regions and tRNAs (Lambertz et al., 2015). The
intergenic RNAs appear to be novel transcripts which do not encode open reading
frames (ORFs) (Lambertz et al., 2015). Microscopy of THP-1 macrophages incubated
with Leishmania EVs with fluorescently labelled RNA cargo showed that RNA is
delivered to the host cytoplasm, suggesting they have the potential to target host
transcripts (Lambertz et al., 2015). Only very few mRNA reads were detected in this
study (Lambertz et al., 2015), in contrast to mammalian studies where mRNAs form a
small but significant fraction of RNAs (Miranda et al., 2014, Li et al., 2014, Nolte-'t
Hoen et al., 2012). This could be because only 59% of L. donovani reads and 23% of L.
braziliensis reads aligned with their reference genomes, therefore a large fraction of
reads remain unannotated (Lambertz et al., 2015). Around 900 novel previously
unannotated mRNA transcripts were recently discovered in an RNAseq analysis of L.

mexicana (Fiebig et al., 2015), supporting the idea that there may also be unannotated
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MRNAs encoded in the L. donovani and L. braziliensis genomes which have been

missed in genomic alignments.

The fact that the RNA composition of mammalian and trypanosomatid EVs resembles
the composition of whole cells (Miranda et al., 2014, Li et al., 2014, Nolte-'t Hoen et
al,, 2012, Lambertz et al., 2015, Bayer-Santos et al., 2014) (the approximate
distribution of RNA in S. cerevisiae is 80% RNA, 15% tRNA and 5% mRNA), raises the
possibility that whole cell contamination or debris form a significant fraction of the EV
samples being analysed. There is evidence from Leishmania studies suggesting this is
not the case. The presence of a subset of intergenic RNAs in EVs was confirmed by
Northern blot and compared to whole cells; the RNAs were present in both samples
but at different lengths, suggesting selective packaging into (or selective degradation
inside) EVs (Lambertz et al., 2015). Furthermore, tsRNAs were detected by Northern
blot in EVs and were enriched in EVs compared to whole cells when equal amounts of
RNA were loaded (Lambertz et al., 2015). Searches of tsRNA sequences against the
human genome did not correspond to any ORFs but there were matches in intergenic
regions (Lambertz et al., 2015). It is possible these tsRNAs could be functional since
mammalian ncRNAs are thought to regulate transcription by binding intergenic

regulatory sites, although this has not been well studied (Jacquier, 2009).

The fact that the predominant RNA species identified in both mammalian and
trypanosomatids are ncRNAs derived from rRNAs and tRNAs is an interesting
observation, perhaps suggesting conservation of EV cargo. Future studies should
focus on the functional importance of these novel ncRNAs. Thus far, it seems highly

likely based on one Leishmania study and several mammalian studies that Leishmania
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EVs deliver RNA to host macrophages, but specific host targets and potential effects

on cytokine regulation are yet to be discovered.

1.4.6. Vesicle release
Macrophages have no secretory granules, therefore cytokines are released either via

constitutive release of vesicles from the trans-Golgi network (TGN) which go on to
fuse with the PM, or in the case of cytokines such as IL-1 which have no classical signal
peptide they are secreted via non-classical, poorly understood pathways (Lacy and
Stow, 2011). Arfs, Rabs, adaptor proteins and golgins all contribute to protein cargo
sorting at the TGN (Murray and Stow, 2014). GFP-tagging and overexpression of TNFa
has shown that its secretion by the constitutive pathway is more complex than direct
delivery in vesicles from the TGN to the PM (Stow et al., 2009): TNFa is trafficked from
the TGN in dynamic tubulovesicular transporters to recycling endosomes before being
trafficked to the PM. Since TNFa is initially produced as a transmembrane protein, its
ectodomain must then be cleaved by TACE or ADAM to release the extracellular
cytokine (Stow et al., 2009). Several other cytokines, including IL-6 and IL-10, are also
secreted via the recycling endosome in macrophages (Murray and Stow, 2014, Stow

et al., 2009). Macrophage cytokine secretion is summarised in Figure 1.4.

While there is constant low level cytokine secretion via the constitutive pathway,
there is significant scope for regulation. Many components of constitutive secretion
pathways are upregulated in response to LPS including golgins, Rabs and soluble N-
ethylmaleimide-sensitive factor activating protein receptors (SNAREs) (Murray and
Stow, 2014). The golgin p230, several Rabs, several SNAREs and synaptotagmins (Syts)

all positively regulate TNFa secretion (Murray and Stow, 2014). SNAREs mediate
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membrane fusion by bringing opposing membranes together (Pagan et al., 2003).
Rabs are small GTPases which recruit a range of tethering proteins and SNAREs to

mediate vesicular trafficking (Murray and Stow, 2014).

Golgins are coiled coil proteins which are recruited to the TGN and mediate the
release of tubular vesicles. The golgin p230 is recruited to the TGN by Arll and coats
tubular vesicles carrying TNFa to the recycling endosome (Lieu et al.,, 2008).
Knockdown of p230 in RAW cells reduces TNFa trafficking to the cell surface, while
non-specific protein release, such as MHC Il surface expression, is unaffected (Lieu et
al., 2008). Macrophages of p230 KO mice also have impaired TNFa secretion. LPS
treatment of RAW macrophages leads to increased numbers of p230-positive tubular
vesicles and increased TNFa release. Interestingly, the increase in TNFa trafficking in
response to LPS does not seem to be due to increased p230 expression since this
remains constant (Lieu et al., 2008); it could be due to enhanced recruitment of p230
to the TGN by another factor. IL-10, like TNFa, is mostly secreted via the recycling
endosome on p230-labelled carriers and p230 is essential for this process. IL-10 is also
secreted by transport directly from the TGN to the PM on golgin-97 positive tubules

(Murray and Stow, 2014).

Classically secreted cytokines are trafficked from the Golgi complex to the recycling
endosome which is dependent on the SNAREs syntaxin6, syntaxin7, Vtilb and VAMP3
(Murray et al., 2005b). Subsequent fusion of vesicles from the recycling endosome
with the PM is dependent on the SNAREs VAMP3, Syntaxin 4 and synaptosomal-
associated protein 23 (SNAP23) (Murray et al., 2005a). In order to increase secretion

of a cytokine via the constitutive pathway, there must be both increased cytokine
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transcription and/or translation and increased expression of the correct SNAREs. The
density of SNAREs on subsets of vesicles can modulate their propensity for secretion,
allowing fine-tuning of cytokine secretion (Stow et al., 2009). LPS up-regulates
macrophage SNARE expression through both transcriptional and post-transcriptional
regulation (Stow et al., 2009). Several studies have convincingly shown that altering
levels of SNARE expression can alter the level of cytokine secretion. Syntaxins are
SNAREs which are usually presented on the target membrane side. Increased Syntaxin
4 surface expression is observed on RAW macrophages following LPS stimulation and
overexpression of syntaxin 4 in macrophages leads to increased TNFa surface delivery
(Pagan et al., 2003). Syntaxin 4 knockdown in RAW cells leads to decreased TNFa
surface delivery (Pagan et al., 2003). Another study confirmed that knockdown of
syntaxin 4 leads to a reduction in TNFa secretion (Stow et al., 2009). In addition,
expression of both SNAREs syntaxin 6 and Vtilb increases following macrophages LPS
activation and overexpression of either protein leads to increased TNFa secretion

(Murray et al., 2005b).

Syts interact with SNAREs to regulate vesicle fusion, sometimes in a calcium-
dependent manner. Syt Xl is expressed by macrophages and localises to recycling
endosomes (Arango Duque et al., 2013). Syt XI knockdown leads to slightly increased
IL-6 and TNFa secretion in murine macrophages and overexpression to decreased
levels (Arango Duque et al., 2013). Syt Xl has no functional calcium-binding domain
and does not seem to bind SNAREs. It is unclear how it negatively regulates IL-6 and

TNFa release; it could be through hindering vesicle fusion.
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The ability of Leishmania infection to target vesicle release mechanisms has been
relatively well studied, mostly focussing on the roles of GP63 and LPG. A recent study
using immunofluorescence showed that following infection LPG and GP63 are rapidly
distributed across the macrophage, confirming that these parasite factors are likely to
be able to interact with host vesicle trafficking pathways (Matte and Descoteaux,
2016). Leishmania infection alters the cellular distribution of Syt V in an LPG-
dependent manner, reducing its localisation to L. donovani-containing PVs in the first
2 h post-infection (Vinet et al., 2009). Syt V phagosomal localisation is also reduced
following LPG-zymosan uptake compared to zymosan uptake alone (Vinet et al.,
2009). The role of Syt V has not been investigated directly but it localises to the
recycling endosome and phagocytic cup and therefore may have a role in cytokine

secretion (Murray and Stow, 2014).

Syt Xl is targeted by Leishmania infection in what appears to be a GP63-dependent
manner. WT promastigote infection of BMDM s leads to a decrease in cellular Syt XI
levels (Arango Duque et al., 2014). WBs show the appearance of Syt X| degradation
products in the presence of WT but not GP63 KO parasites (Arango Duque et al.,
2014). Further confirming the role of GP63, purified Syt Xl is cleaved by incubation
with WT but not GP63 KO parasites and this effect is inhibited by a Zn?* ion chelating
agent, which inhibits Zn metalloproteases including GP63 (Arango Duque et al., 2014).
L. major and L. donovani promastigotes induce IL-6 and TNFa secretion from BMDMs
in a GP63-dependent manner (Arango Duque et al., 2014). Syt Xl knockdown was able
to partially restore IL-6 and TNFa secretion in GP63 KO Leishmania-infected

macrophages, suggesting that GP63-dependent loss of Syt Xl is at least partially

78



responsible for the increased secretion of these cytokines (Arango Duque et al., 2014).
This is consistent with the known inhibitory role of Syt Xl in IL-6 and TNFa secretion

(Arango Duque et al., 2013).

The SNAREs VAMP3 and VAMPS8 are degraded in a GP63-dependent manner by L.
mexicana (Casgrain et al., 2016), L. major and L. donovani infection of murine BMDMs
(Matheoud et al., 2013). However, direct cleavage by GP63 was not shown. VAMP3 is
involved in vesicle trafficking of cytokines from the recycling endosome to the PM,
therefore its cleavage is likely affect macrophage cytokine secretion (Matheoud et al.,

2013), but this was not addressed in these studies.

Multiple studies show the ability of Leishmania parasites to regulate vesicle trafficking
pathways (Ndjamen et al., 2010, Matte and Descoteaux, 2016, Scianimanico et al.,
1999, Desjardins and Descoteaux, 1997); thus far this has mostly been studied in the
context of the PV. It is possible that these known mechanisms may also play as yet
unknown roles in the regulation of macrophage cytokine release, in addition to the

new mechanisms which are being discovered such as Syt Xl cleavage.
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Figure 1.5. Effects of LPG and GP63 on macrophage signalling pathways. A schematic of a
macrophage is shown with some of the key signalling pathways leading to cytokine secretion

highlighted. The known effects of the Leishmania virulence factors LPG and GP63 on these
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pathways are indicated. TLRs on either the PM or endosomes are bound by PAMPS, including
LPG which signals via TLR2 and TLR4 and downregulates TLR9. TLRs then signal via MyD88 to
initiate both MAPK (via a phosphorylation cascade of MAP kinases) and NFkB (via the release
of inhibitory IkB) activation. SHP-1 inhibits these events and is activated by GP63-mediated
cleavage. Purified LPG upregulates MAPK signalling via unknown mechanisms. One or more
of the MAPKs Erk1/2, JNK and p38 activate transcription factors including AP-1. NFkB and AP-
1 are both cleaved by GP63 and upregulated by purified LPG. Transcription factors including
NFkB and AP-1 mediate cytokine transcription and mRNAs are exported to the cytoplasm.
mRNA stability and translation efficiency are modulated by miRNAs and siRNAs produced by
Dicer, which is cleaved by GP63. Once translated, classically secreted cytokines are trafficked
via the Golgi and recycling endosome to the PM. Vesicle trafficking is mediated by SNAREs
including VAMP3, which is cleaved by GP63. Fusion of cytokine-containing vesicles with the

PM is inhibited by Synaptotagmin XI, which is also cleaved and inhibited by GP63.

Black lines: macrophage signalling events. Grey lines: LPG- and GP63- dependent effects. Bar
headed arrows: inhibitory effect. Arrows: positive effect or complex regulation. Dashed lines:

additional signalling steps are present but not shown.
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1.3. Aims
Recent research has shown that Leishmania EVs are an important delivery mechanism

for virulence factors to the host and that they are able to modulate the host immune
response. The subcellular origin of these EVs remains unknown, and the overarching
aim of this thesis is to determine the subcellular origin of Leishmania EVs, and in
particular to investigate whether the flagellum is a source of EVs. We aim to further
address this question in the context of early time points corresponding to the
establishment of infection, specifically focussing on the period of flagellar shortening
during promastigote to amastigote differentiation. We hypothesise that this is a
crucial time for virulence factor delivery to render the host more susceptible to
infection, and that there could be a link between flagellar shortening and virulence

factor delivery via flagellar EV release. This idea will be investigated.

Furthermore, we aim to perform a broad analysis of the effects of Leishmania
promastigotes and EVs on macrophage cytokine analysis. This will provide a valuable
direct comparison of the immunomodulatory effects of Leishmania promastigotes
versus EVs. To our knowledge, only one previous study has addressed the effects of
Leishmania EVs on macrophage cytokine production and found that IL-8 production
is increased (Silverman et al., 2010a); the parasite factors responsible for this effect
remain unknown. To gain further insights into this, we will also investigate parasite
factors present as EV cargo which could be responsible for any changes in cytokine

secretion observed.
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2. Materials and methods

L. mexicana cell culture, cell lines and their characterisation

2.1. L. mexicana cell culture
Promastigote form L. mexicana (WHO strain MNYC/BZ/62/M379) and genetically

modified derivatives (Table 2.1) were grown at 28°C in M199 medium (Life
Technologies) with 2.2g/L  NaHCOs;, 0.005% haemin, 40mM  4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid pH 7.4 and 10% foetal calf serum
(FCS). Stationary phase promastigotes were collected 5 days after seeding logarithmic
phase promastigotes at a density of 1x10° cells/ml. Axenic promastigote to
amastigote differentiation was induced by resuspending promastigotes in Schneider’s
Drosophila Medium (Life Technologies) with 5.34 g/L 2-(N-morpholino)ethanesulfonic
acid hydrate and 10% FCS, adjusted with concentrated hydrochloric acid to pH 5.5
(medium SM5.5) and culturing in vented flasks at 34°C and 5% CO,. Relevant selection
drugs (Melford Laboratories Ltd.) were added to the medium at: 32 ug/ml Hygromycin
B, 20 pg/ml Puromycin Dihydrochloride, 5 pg/ml Blasticidin S Hydrochloride, 40 pug/ml
G-418 Disulfate, 50 pg/ml Nourseothricin Sulfate (NTC) and 25 pg/ml Phleomycin. Cell
culture densities were measured using a CASY model TT cell counter (Roche
Diagnostics) with a 60 um capillary and exclusion of particles with a pseudo-diameter

below 2.0 um.
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Table 2.1. Details of all L. mexicana cell lines used. The cell line name, origin, description and

resistance markers are shown.

al., 2017)

Cell line Origin Genetic modifications Drug selection
WT WHO strain None None
MNYC/BZ/62/M379
SMP1::mCh Previously generated in the | mCherry gene and resistance | G418
Gluenz lab cassette inserted at 3’ end of
endogenous SMP1 (LmxM.20.1310)
locus.
SMP1::eYFP Previously generated in the | eYFP gene and resistance cassette | Phleomycin
Gluenz lab inserted at 3’ end of endogenous
SMP1 (LmxM.20.1310) locus.
SMP1::mCh- Previously generated in the | mCherry gene and resistance | G418, Phleomycin
GT2::eGFP:TY Gluenz lab cassette and eGFP:TY and resistance
cassette inserted at 3’ end of
endogenous SMP1 (LmxM.20.1310)
and GT2 (LmxM.36.6290) loci
respectively.
Cas9 17 Previously generated in the | Cas9 and T7 RNA polymerase genes | Hygromycin, NTC
Gluenz lab (Beneke et al., | inserted into WT cell line.
2017)
Cas9 T7 (p) Previously generated in the | Cas9 T7 cell line was passaged | Hygromycin, NTC
Gluenz lab (Beneke et al., | through BMDMs by Jessica Valli and
2017) differentiated back to
promastigotes.
Cas9 T7 Previously generated in the | mCherry gene and resistance | Hygromycin, NTC,
SMP1::mCh Gluenz lab (Beneke et al., | cassette inserted at 3’ end of | G418
2017) endogenous SMP1 (LmxM.20.1310)
locus in Cas9 T7 cell line.
ALPG1 Generated in the Gluenz lab | Cas9 T7 (p) cell line with both LPG1 | Blasticidin,
by Laura Makin (Beneke et | alleles replaced with drug resistance | Neomycin,

cassettes.

Hygromycin, NTC

LPG1 add-back

Generated in the Gluenz lab
by Laura Makin (Beneke et
al., 2017)

ALPG1 cell line expressing an ectopic
copy of LPG1.

Hygromycin, NTC,
Phleomycin

EV biogenesis and
flagellar length
control protein

knockout cell lines

Generated in the Gluenz lab
by Laura Makin

Both alleles of gene of interest

replaced with drug resistance
cassettes in cell line Cas9 T7
SMP1::mCh.

Hygromycin, NTC,
G418, Blasticidin,
Puromycin

mNG-tagged
candidate EV-
associated protein

Generated in the Gluenz lab
by Laura Makin

An mNeonGreen gene and drug
resistance cassette inserted at the 5’
end of at least one allele of the gene

Hygromycin, NTC,
G418, Blasticidin

adenylyl cyclases

by Laura Makin

cell lines of interest in cell line Cas9 T7
SMP1::mCh.
mNG-tagged Generated in the Gluenzlab | An mNeonGreen gene and drug | Hygromycin, NTC,

resistance cassette inserted at the 3’
end of at least one allele of the gene
of interest in cell line Cas9 T7
SMP1::mCh.

G418, Blasticidin

eYFP-tagged
candidate EV-
associated protein
cell lines

Generated in the Gluenz lab
by Laura Makin

An eYFP gene and drug resistance
cassette inserted at the 3’ end of one
allele of the gene of interest in cell
line Cas9 T7 SMP1::mCh.

Hygromycin, NTC,
G418, Blasticidin
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2.2. Genetic modification of L. mexicana cell lines

2.2.1. Generation of knockout cell lines

Gene deletions were performed in the L. mexicana Cas9 T7 cell line (and derivatives
thereof), which express both Cas9 nuclease, to allow cleavage of specific genomic
sites in the presence of single guide (sg)RNA, and T7 RNA polymerase, to allow the in

vivo transcription of sgRNAs from DNA templates. See (Beneke et al., 2017) for details.

Generation of ALPG1 and LPG1 AB cell lines was done by Laura Makin, as described in

(Beneke et al., 2017).

To generate a knockout, Blasticidin and Neomycin knockout constructs were
amplified from pTBlast and pTNeo plasmids (Figure 2.1A) in polymerase chain reaction
(PCR) reactions each containing 15 ng of pT plasmid, 0.2 mM dNTPs, 2 uM each of the
forward and reverse primers, 1 unit of Expand High Fidelity polymerase (Roche), 3%
DMSO, 1.5 mM MgCl,, 1x Expand High Fidelity buffer (Roche), topped up to 40 ul with
ddH,0. Thermocycling conditions were: 5 min at 94°C, 40 cycles of 30 s denaturation
at 94°C, 30 s annealing at 65°C and 2 min 40 s extension at 72°C, followed by a 7 min
extension at 72°C. sgRNA DNA templates were amplified (Figure 2.1C) in PCR reactions
each containing 0.2 mM dNTPs, 2 uM each of the forward and reverse primers, 0.6
units of Expand High Fidelity polymerase (Roche) and 1x Expand High Fidelity buffer
(Roche), topped up to 20 ul with ddH20. The thermocycling conditions were: 30 s at
98°C, 35 cycles of 10 s denaturation at 98°C, 30 s annealing at 60°C and 15 s extension

at 72°C, followed by a 10 min extension at 72°C.
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L. mexicana Cas9 T7 (p) logarithmic stage promastigotes were transfected with the
pTBlast and pTNeo constructs and the 5’ and 3’ sgRNAs simultaneously using Amaxa
Nucleofector llb (Lonza) programme X-001. 35 pl each of the pTBlast and pTNeo
constructs and 15 ul each of the 5’ and 3’ sgRNA constructs were pooled to a total
volume of 100 ul and sterilised by heating at 95°C for 5 min. A negative control using
sterile ddH,0 instead of donor DNA was included for all transfections. The pooled
constructs were added to 100 pl of cell suspension containing 1.107 cells in Th-BSF
buffer (Schumann Burkard et al., 2011) final concentrations 66.7 mM Na;HPO,, 23.3
mM NaH;POs4, 5 mM KCl, 50 mM HEPES pH7.3, 143 uM CaCly) with CaCl; final
concentration 0.15 mM, topped up with ddH,0. The transfected cells were selected
using G418 and blasticidin in M199 medium. The resulting drug resistant population
was cloned out in the presence of these drugs in supplemented M199 medium (M199
medium (Life Technologies), 2.2 g/L NaHCOs, 0.005% haemin, 40 mM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid pH 7.4, 100 uM adenine

hemisulphate, 1.2 ug/ml biopterin and 20% FCS).

All other knockout cell lines (EV biogenesis and flagellar length control proteins) were
generated in the same way, except that Cas9 T7 SMP1::mCh cells were transfected
with pTBlast and pTPuro constructs and drug selection was carried out using

blasticidin and puromycin.

For PCR screening of all knockout cell lines to check for the loss of the ORF of interest
and the correct genomic integration of the drug resistance constructs, genomic DNA
was prepared using DNeasy kits (Qiagen). The PCR reactions each contained 1x

Expand High Fidelity buffer (Roche), 0.2 uM dNTPs, 1 uM each of forward and reverse
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primers, 0.6 units of Expand High Fidelity polymerase (Roche), topped up with ddH,0
to 20 pl. The thermocycling conditions were: 5 min at 94°C, 30 cycles of 30 s
denaturation at 94°C, 5 s annealing at 60°C and 50 s extension at 72°C, followed by a

7 min extension at 72°C.

All primers for knockout were designed using an online resource for CRISPR Cas9
genome editing in L. mexicana and other kinetoplastids LeishGEdit (Beneke; 2017) and
the primers for knockout screening were designed by Tom Beneke in the Gluenz lab
using open-source Primer3 software (Untergasser et al., 2012) with some
modifications. The following parameters were used: the 5'UTR forward primer (for
drug cassette integration verification) was designed to anneal within a 250bp window,
between 150-400bp upstream of the ORF start codon. ORF forward primer and ORF
reverse primers (to verify the loss of ORF) were designed to anneal anywhere in the
OREF, resulting in an amplicon with a product size from 100bp to 350bp. All three
primers were designed with a target annealing temperature of 60°C and a GC content
from 30-70%. Three common reverse primers were used to amplify from within the

drug resistance gene ORFs for drug cassette integration verification:

pTBlast: 5' CCGTTGCTCTTTCAATGAGGGTG 3'

pTNeo: 5' GTCTTGACAAAAAGAACCGGGC 3!

pTPuro: 5' TCAATGTGTCGATCTGGGTCAAC 3!
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In-vivo transription\l,

sgRNA

Figure 2.1. Genetic manipulation using Crispr Cas9. A) The schematic illustrates gene
knockout which was used to replace both alleles of a gene of interest with resistance genes.
Primers with overhangs containing 30 bp homology to the UTRs of the gene of interest
(orange) were used to PCR amplify a resistance gene cassette from the pT plasmid. The ORF
of interest was excised by Cas9 nuclease which was targeted to sites immediately upstream
and downstream of the ORF of interest by 5’ and 3’ sgRNAs respectively (DNA cuts are
indicated by red triangles). The linear knockout construct was used to repair the locus,
replacing the ORF of interest with a resistance gene cassette. B) This schematic illustrates C
terminal fluorescent tagging, however the principal is the same for N terminal tagging.
Primers with overhangs containing 30 bp homology to the end of the ORF of interest (pink)
and the start of the 3’ UTR of the gene of interest (orange) were used to PCR amplify an
mNeonGreen gene and resistance gene cassette from the pPLOT plasmid. A double-stranded
break was introduced into the locus by Cas9 nuclease which was targeted to a site
immediately downstream of the ORF of interest by a 3’ sgRNA. The linear tagging construct
was used to repair the locus, introducing an in-frame mNeonGreen gene at the 3’ end of the
ORF of interest followed by a resistance gene cassette. C) Two short overlapping primers were
fused by PCR amplification to produce a double-stranded template DNA (Bassett, 2014). Once
transfected into an L. mexicana cell expressing T7 polymerase the template is transcribed in

vivo from the T7 promoter (arrow) to produce an sgRNA containing a 20 nucleotide homology
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site for targeting to the gene of interest (red) and the sgRNA scaffold for Cas9 nuclease

recruitment (grey).

2.2.2. Generation of LPG1 add-back cell line

The LPG1 CDS was amplified using primers with overhangs to introduce Spe | and Psp
Xl sites at the 5’ and 3’ ends respectively. Both the PCR product and pRMO0Q5 vector
(Figure 2.2) were digested with Spe | and Psp Xl restriction enzymes and 5’ phosphate
of the digested plasmid was removed using alkaline phosphatase. The digested PCR
product and plasmid were incubated overnight at 4°C with T4 ligase at an
insert:backbone molecular ratio of 7:1 (Beneke et al., 2017). Sure2 competent E. coli
cells were transformed with the resulting construct by heat shock for 45 s at 42°C and
selected at 37°C on agar plates containing 100 pg/ml ampicillin. Selected colonies
were expanded in LB broth with ampicillin at 37°C then the plasmid was purified using
a QlAprep Spin Miniprep kit (Qiagen) before being linearised by digestion with Pac I.
The final construct was ethanol precipitated, resuspended in 10 pul sterile ddH,0 and
transfected into 1.107 L. mexicana ALPG1 clone F3 cells. The transfection was carried
out as already described (Section 2.2.1), except that 10 pl of DNA construct was added
to 95 ul of resuspended cells. The transfected cells were placed under drug selection
in M199 medium plus phleomycin for selection of the AB construct and hygromycin

to select for the retention of the Cas9 construct.
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Figure 2.2. Plasmid pRMO0O05 for add-back generation. Plasmid map showing the vector used
for generation of the LPG1 AB cell line. The Cas9 gene (orange) was excised by restriction
digest using the Psp Xl and SPe | sites and the LPG1 ORF was cloned in. Before transfection
into L. mexicana cells the plasmid was linearised and the ampicillin resistance cassette was
excised by restriction digest with Pac I. The 5’ and 3’ target sites (red) have homology to the

Leishmania B-tubulin array.
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2.2.3. Generation of fluorescently tagged cell lines
Cell lines with a gene encoding a fluorescent protein inserted in-frame at the 5’ or 3’
end of the endogenous ORF of interest were generated using one of two published

methods:

1) Crispr Cas9-mediated tagging to allow insertion of a linear construct with short 30

bp homology arms (Beneke et al., 2017)(Figure 2.1B)

2) Fusion PCR-mediated tagging to allow insertion by homologous recombination of a

linear construct with long 500 bp homology arms (Dean et al., 2015)(Figure 2.3).

For the first method, constructs were amplified from the pPLOT plasmid in PCR
reactions each containing 30 ng of pPLOT plasmid, 0.2 mM dNTPs, 2 uM each of the
forward and reverse primers, 1 unit of Expand High Fidelity polymerase (Roche), 1x
Expand High Fidelity buffer (Roche), topped up to 30 ul with ddH,0. Thermocycling
conditions were: 5 min at 94°C, 40 cycles of 30 s denaturation at 94°C, 30 s annealing
at 65°Cand 2 min 15 s extension at 72°C, followed by a 7 min extension at 72°C. sgRNA
constructs were PCR amplified as described in the Crispr Cas9 knockout method
(Section 2.2.1). The entire construct and sgRNA PCR products for each target gene
were pooled and sterilised by heating at 95°C for 5 min ready for transfection. The
transfections were carried out using L. mexicana Cas9 T7 SMP1::mCh as already
described (Section 2.2.1). The transfected cells were placed under drug selection in
M199 medium plus blasticidin. All primers were designed using online resource

LeishGEdit.net (Beneke;, 2017).
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For the fusion PCR method, firstly, 500 bp homology arms were PCR amplified from L.
mexicana genomic DNA; each reaction contained 160 ng of genomic DNA, 0.2 mM
dNTPs, 2 uM each of the forward and reverse primers, 3% DMSO, 2.5 units of Expand
High Fidelity polymerase (Roche), 1x Expand High Fidelity buffer (Roche), topped up
to 50 ul with ddH20. Thermocycling conditions for touchdown PCR were used: 5 min
at 94°C, 15 cycles of 30 s denaturation at 94°C, 30 s annealing at 65-58°C and 30 s
extension at 72°C, followed by 25 cycles of 30 s denaturation at 94°C, 5 s annealing at
60°C and 30 s extension at 72°C, and finally a 7 min extension at 72°C. For the
amplification of genomic regions with high GC content which could not be successfully
amplified under these conditions, Q5 High-Fidelity polymerase (NEB) was used. PCR
products were electrophoresed on a 1.5% agarose gel and the correct-sized bands
were excised and the PCR products were extracted using a QlAquick Gel Extraction Kit
(Qiagen). The purified ORF and 3’ UTR amplicons were then used as long forward and
reverse primers respectively to amplify the eYFP gene and resistance cassette from
PLENTv2 plasmid by nested fusion PCR. Each PCR reaction initially contained 50 ng of
PLENTv2 plasmid, 0.2 mM final concentration dNTPs, 50 ng each of the long forward
and reverse primers, 5 units of Phusion polymerase, 1x GC reaction buffer, 3% DMSO,
topped up to 87 ul with ddH,0. Thermocycling conditions for the initial PCR
amplification before the addition of nested primers were: 1 min at 98°C followed by
3 min at 66°C, 5 cycles of 10 s denaturation at 98°C, 1 min annealing at 66°C and 1 min
40 s extension at 72°C. The nested primers were then quickly added during a 98°C
denaturation step; to each 87 pl reaction was added 13 pl containing 1 uM final
concentration each of the forward and reverse nested primers, 1x GC reaction buffer,

3% DMSO, topped up with ddH;0. Then the PCR reaction continued with 35 cycles of
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10 s denaturation at 98°C, 10 s annealing at 65°C and 1 min 40 s extension at 72°C,
and finally a 7 min extension at 72°C. The PCR products were ethanol precipitated and
resuspended in 10 pl sterile ddH,0 ready for transfection into L. mexicana SMP1::mCh
cells (or if strong non-specific bands were present when 1.5 ul of the PCR product
were electrophoresed on a 1% agarose gel, the entire PCR product was
electrophoresed and the correct-sized band was excised and gel purified before
ethanol precipitation). The transfections were carried out as already described
(Section 2.2.1), except that 10 ul of DNA construct was added to 95 pl of resuspended
cells. The transfected cells were placed under drug selection in M199 medium plus
blasticidin. All primers were manually designed using an online resource OligoCalc
(Kibbe, 2007) to calculate annealing temperatures; the primers to amplify the 500 bp
homology arms had a target annealing temperature of 62°C and the nested primers

66°C.

PLENTv2 plasmid

Blasticidin
resistance gene

Fusion PCR

Tagging construct

C fasdculata C. fasdculata Blasticidin
3'UTR 5'UTR resistance gene
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Figure 2.3. Fluorescent tagging of proteins using fusion PCR. C terminal tagging is illustrated.
Sections of the locus of interest were PCR amplified to generate long primers with overhangs
containing 500 bp homology to the end of the ORF of interest (pink) and the start of the 3’
UTR of the gene of interest (orange); these primers were used to PCR amplify an eYFP gene
and resistance gene cassette from the pLENT version 2 plasmid. The linear tagging construct
was inserted into the endogenous locus by homologous recombination, introducing an in-

frame eYFP gene at the 3’ end of the ORF of interest followed by a resistance gene cassette.

2.3. Light microscopy imaging
2.3.1. Imaging of native fluorescence of tagged cell lines

L. mexicana cells were washed twice in phosphate-buffered saline (PBS) and settled
in 50 ul PBS onto Polysine™ (VWR) slides. For live cell imaging most of the PBS was
removed then a Number 1.5 coverslip was applied and cells were imaged immediately
at the ambient temperature of 25-28°C. For imaging of chemically fixed cells, an equal
volume of 4% paraformaldehyde (PF) was added and incubated for 5 min, then most
of the liquid was removed, 10 pl of mounting medium (2.5% anti-fade agent DABCO
(1,4,-diazobicycli-[2.2.2]-octane), 90% glycerol, 10% PBS) was added and the cells
were imaged immediately or up to 1 day later. When Hoechst was used to stain DNA,
it was incubated with live cells in medium for 30 s at 10 pg/ml. For imaging of live
BMDMs, macrophages were grown in 24-well plates (Costar) on coverslips which were

removed, inverted onto Polysine™ slides and imaged immediately.

Imaging of slide-mounted samples was carried out on a Leica DM5500B microscope
with Leica 63x or 100x (NA 1.4) oil immersion objectives or a 40x (NA 1.25) dry
objective with an Andor Neo 5.5 sCMOS camera. Alternatively, a Zeiss Axio Imager Z2
with an Orca.Flash 4.0 digital camera (Hamamatsu) using a 63x (NA 1.4) Plan-

Apochromat oil immersion objective was used.
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For imaging of live human iPSC-derived macrophages, cells were grown on 35 mm
glass-bottom U-dishes (Greiner) or 48-well 1.5 coverslip glass-bottom plates
(MatTek), Drag5™ (a far-red emitting DNA dye, BioLegend) was added at 5 uM for 5
min at 34°C, then the macrophages were washed and imaged on an inverted Zeiss
Axio Observer Z1 with a Zeiss 63x LClI Plan-Neofluar (NA 1.3) water immersion
objective at 34°C and 5% CO,. Alternatively, for super-resolution microscopy live
human macrophages were imaged on an inverted Zeiss LSM 880, with a Zeiss 63x (NA
1.4) Plan Apochromat oil immersion objective, and a Zeiss Airyscan 32 GaAsp PMT
detector array. Airyscan processing was carried out using Zeiss Zen software. All other

image processing was carried out using ImagelJ software.

For imaging of isolated EVs, 10 pl of EVs resuspended in PBS were simply added to
Polysine™ slides, Number 1.5 coverslips were added and imaged immediately on the

Leica DM5500B microscope with a 100x (NA 1.4) oil immersion objective.

2.3.2. Immunofluorescence microscopy

For immunofluorescence experiments, cells were prepared and fixed with PF as
described above then quenched for 5 min in PBS with 1% glycine followed three 5 min
washes in PBS. The samples were then incubated in PBS with 10% FCS for 1 h to
prevent non-specific binding. Primary and secondary antibody incubations were
carried out in PBS with 10% FCS for 1 h with three 5 min PBS washes in between. Three
final washes in PBS were carried out then 10 pl of mounting medium (see Section
2.3.1) was added and cells were imaged within 1 day. All sample incubations were
carried out in a humidified, dark chamber at room temperature. Number 1.5

coverslips were used for all imaging.
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Isolation of EVs and characterisation of their properties

2.4. L. mexicana EV isolation by ultracentrifugation or density gradient
separation

EVs were always freshly prepared on the same day they were used for imaging or
macrophage experiments. Crude EV samples were isolated by ultracentrifugation
using a protocol based on a published method (Silverman et al., 2010a). Stationary
phase L. mexicana promastigotes were collected by centrifugation (800 g, 5 min) and
washed once in FCS-free medium: for PRO EV generation this was M199 medium (Life
Technologies) supplemented with 2.2 g/L NaHCOs, 0.005% haemin, 40 mM 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid pH 7.4, 10 g/L D-glucose and 0.22 g/L
L-glutamine; for DIF EV generation this was Schneider’s Drosophila Medium (Life
Technologies) supplemented with 5.34 g/L 2-(N-morpholino)ethanesulfonic acid
hydrate and 10 g/L D-glucose, adjusted with concentrated HCl to pH 5.5. The cells
were resuspended in FCS-free medium at a high cell density of 4.2 x107 cells/ml and
cultured in up to six 40 ml volumes for 4 h under either promastigote or axenic
amastigote conditions (see section 2.1) for generating PRO or DIF EVs respectively.
Where necessary, a 40 ml FCS-free medium sample was included at this stage and
taken through all subsequent EV isolation steps as a control for endotoxin
contamination. All subsequent centrifugations were carried out at 4°C. Whole cells
were removed and the conditioned medium was collected by a 30 min centrifugation
at 800 g followed by a 30 min centrifugation at 2000 g, carried out in disposable 50
ml polypropylene tubes (Falcon). Filtration of the conditioned medium through a 0.22

um pore filter was included at this stage to produce sterile EV samples for cryo-EM
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imaging. Cell debris was removed by a 45 min centrifugation at 15,000 g in reusable
50 ml polycarbonate tubes (VWR). EVs were collected by an overnight centrifugation
at 100,000 g in 70 ml polycarbonate tubes (Beckman Coulter), with additional sterile
PBS added to fill the tubes. The EV pellet (usually invisible) was resuspended in cold
sterile PBS by pipetting up and down for at least 1 min. At this stage the resuspended
pellets from up to six tubes were pooled if necessary and transferred to either
disposable 8 ml Quick-Seal polypropylene tubes (Beckman Coulter) or disposable 1.5
ml Eppendorf tubes (Beckman Coulter) and EV samples were collected by
centrifugation for 1 h at 100,000 g followed by resuspension in cold sterile PBS.
Between uses the reusable tubes were thoroughly washed using a very small amount
(<1 ml) of washing up liquid (Fairy) then rinsed at least ten times with deionised water
and the air-dried tubes were kept exclusively for EV isolation to reduce the risk of

endotoxin contamination.

For isolation of purer EV samples by density gradient separation using a protocol
based on a published method (Cvjetkovic et al., 2016), a higher density of stationary
phase promastigotes of 1x102 cells/ml was used to produce conditioned medium to
improve the EV yield. The EV isolation steps described above were carried out up to
and including the overnight centrifugation at 100,000 g, the EV pellets were
resuspended in cold sterile PBS, pooled and topped up to a final volume of 0.5 ml. This
was then mixed with 1.5 ml 60% iodixanol (OptiPrep™, Sigma-Aldrich) at the bottom
of an 8 ml Quick-Seal tube (Beckman Coulter). 0.75 ml fractions containing 0.25M
sucrose, 10mM Tris and 1mM EDTA were then carefully layered on top of the EV

sample using a 19G needle against the wall of the tube at the following iodixanol
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percentages: 35, 30, 28, 26, 24, 22, 20. The remaining volume of the tube was filled
with sterile PBS and the tube was centrifuged at 178,000 g for 16 h. To collect the
fractions (fraction 1 is the top PBS fraction and fractions 9 and 10 are the bottom
fraction where the EV sample was initially added), a 19G needle was inserted into
fraction 1 as an air outlet, and 19G needles were used to sequentially remove the 0.75
ml fractions (except fractions 9 and 10 which were 1 ml each) from the top to the
bottom. The fractions were then centrifuged for 1 h at 100,000 g and the final EV

pellets were resuspended in cold sterile PBS (fractions 9 and 10 were pooled).

2.5. Nanoparticle tracking analysis

Isolated EV samples (see Section 2.6) resuspended in PBS were diluted in PBS (usually
1:100) to a final volume of 1 ml and loaded in a 1 ml syringe to allow sample loading
onto the NanoSight machine LM10 (Malvern). Three 60 s data collections using the
total scatter setting (i.e. no filters) were carried out for each sample and if one set of
data was obviously very different to the other two for a known technical reason (i.e.
there was an air bubble disrupting the particle flow) this dataset was excluded from
the analysis. A flow rate of 50 (arbitrary units) was used to reduce photobleaching.
The data analysis settings, most importantly camera level and detection threshold
level, were kept the same for all samples measured on the same day. The NanoSight
was cleaned with 0.22 um-filtered PBS between each sample. NTA 3.1 software was
used for data collection and analysis. A schematic showing how NTA works is shown

in Figure 2.4.
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Glass

Figure 2.4. Nanoparticle tracking analysis. Particles (EVs, for example) suspended in liquid in
a glass chamber are illuminated from the side by a laser beam. The light scattered by the
particles is detected by the microscope allowing the movement of each particle to be
individually tracked. The size of each particle is calculated based on the speed of its Brownian

motion in the liquid using the Stokes-Einstein equation.

2.6. Electron microscopy sample preparation and imaging

2.6.1. Whole-mount negative staining of EVs

For negative staining EM of whole mount EVs, isolated EVs were resuspended in PBS
with 4% PF and a 10 pl drop was incubated for 1 or 10 min on the carbon coated side
of a 100 mesh copper grid (TAAB) which had been subjected to glow discharge at 15
mA for 20 s. For regular negative staining, grids were either subjected to 3 washes
with ddH,0 over 5 min or the grids were taken straight to the next step. Grids were
then incubated for 10 s with 2% uranyl acetate (UA), blotted and allowed to air dry

for at least 1 day before viewing at ~30,000x magnification on the FEl Tecnai 12 TEM
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with a 4 megapixel Gatan Ultrascan™ 1000 CCD camera using Gatan Digital
Micrograph software for image acquisition and analysis. For immuno-gold sample
preparation extra steps were added between the 10 min sample incubation and UA
staining: grids were incubated in PBS with 5% FCS for 5 min to prevent non-specific
binding; primary and secondary antibody incubations were carried out for 1 h in PBS
with 0.2% gelatine from cold water fish skin with 5 washes in the same incubation
buffer in between; finally, 3 washes in PBS and 1 in ddH,0 were carried out before UA

staining as already described.

2.6.2. Scanning electron microscopy of L. mexicana cells

For scanning EM sample preparation, EM-grade glutaraldehyde (TAAB) was added
directly to cells in culture to a final concentration of 2.5% and left on a shaking
platform for 2 h at ambient temperature. Cells were collected by centrifugation for 10
min at 500 g and resuspended in 10 ml PBS, at which point the cells were left in the
fridge for up to 4 days. Cells were then resuspended in PBS again at a cell density of
~4.107 cells/ml. 0.5 ml of this cell suspension was added per well of a 24-well plate
with a poly-L-lysine-coated coverslip at the bottom of each well and left to settle for
10 min. 12 mm coverslips were coated with poly-L-lysine by washing in 1M HCI for 10
min then carrying out 5x 5 min washes with ddH,0 before incubating with 0.1% poly-
L-lysine in ddH,0 for 15 min then drying overnight. Coverslips with adsorbed cells
were subjected to a series of solution changes to dehydrate the cells: three washes
with ddH;0, then a series of 5 min incubations with 30%, 50%, 70%, 90% and finally
three 5 min incubations with dehydrated 100% ethanol. Importantly, the coverslips
were never allowed to dry out. The samples were then subjected to critical point

drying to replace the ethanol with liquid CO; using a Tousimis autosamdri-815 with a
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purge time of 10 min. Sputter coating with a thin layer of gold for 60 s was performed
before loading coverslips onto stubs and storing in a dehumidified chamber until
imaging. Samples were imaged at ~20,000-30,000x on a JEOL JSM-6390 SEM with an
Everhart-Thornley secondary electron detector using an EHT target of 2 kV and a 20

um aperture.

2.6.3. Cryo-electron microscopy of EVs

For cryo-EM imaging of isolated EVs, 4 ul of EVs resuspended in PBS were applied to
either a freshly glow-discharged Quantifoil R2/2 200 mesh copper grid (Agar Scientific)
or a graphene oxide lacey carbon 300 mesh copper grid (EM Resolutions), then blotted
(with either 1.5s or 3s blot time and a force/offset of -10) and vitrified in liquid ethane
using an FEI Mark IV Vitrobot operated at 100% humidity and at 21 C. The grids were
stored in liquid nitrogen before being loaded into a Gatan cryo-holder and imaged

under low dose conditions on an FEIl Talos 200 kV cryo-TEM using an FEI Ceta camera.

2.7. Western blotting and Sypro Ruby staining

L. mexicana whole cell lysates (WCLs) were prepared by washing PRO or DIF cells once
in PBS then adding Laemmli buffer to a final concentration of 1x. EV sample lysates
were prepared by resuspending isolated EV pellets in PBS with 1x protease inhibitors
(Section 2.7), then Laemmli buffer was added to a final concentration of 2x. The
lysates were then heated for either 10 min at 60°C (for GT2::eGFP:TY detection) or
3 min at 100°C (for all other proteins). 4x108 cell equivalents of WCLs or 2x10° cell
equivalents of EV sample were loaded and subjected to electrophoresis on 10% SDS-
polyacrylamide gels and transferred to nitrocellulose membranes (GE Healthcare).
Macrophage WCLs were prepared as described below (Section 2.10) and 2.4x10*

(Figure 5.15) or 7.5x10* (Figure 5.14) cell equivalents of each sample was loaded. The

102



membranes were incubated in blocking buffer for 1 h then probed for 1 h with primary
antibody in dilution buffer, washed in Tris-buffered saline with 0.05% (w/v) Tween 20
(TBST), incubated for 1 h with secondary horseradish peroxidase (HRP)-conjugated
antibody in dilution buffer, washed in TBST and visualized by addition of the ECL
chemiluminescent detection system (PerkinEImer) and exposure to autoradiography
film (Carestream). Details of primary and secondary antibodies and blocking

conditions are shown in Table 2.2.

For Sypro Ruby staining, the same steps for Western blotting described above were
carried out up to and including gel electrophoresis, then the gel was washed with
ddH,0 and incubated in 40 ml Sypro Ruby protein stain (Thermo Fisher) overnight on
a rocker at room temperature with a foil cover. The Sypro Ruby was then removed
and two 1 h incubations in de-staining solution containing 10% methanol and 7%
acetic acid were performed before washing with ddH,0 and visualising the protein

banding patterns by trans-illumination with UV light (~300 nm wavelength).
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Table 2.2. Antibody details. Details of primary (A) and secondary (B) antibodies used for

Western blots, immuno-gold and immunofluorescence.

A)
Target Expected Antibodies used Blocking/dilution
protein/glycoconjugate, band (name, species, dilution,|buffer
target species size (kDa) supplier/reference)
BiP, T. brucei 71.5 Anti-BiP, rabbit polyclonal, 1:1000,[TBS, 5% non-fat dryj
(Bangs et al., 1993) milk
PFR1, T. brucei 69 L13D6, mouse monoclonal, 1:20,[TBS, 0.05% Tween
(Kohl, Sherwin and Gull, 1999) 20, 1% non-fat dry
milk
Alpha tubulin, T. brucei (also 49.7 TAT1, mouse monoclonal, 1:500,[TBS, 0.05% Tween
detects human protein) (Woods et al., JCS 1989) 20, 1% non-fat dry|
milk
GT2::eGFP:TY 88 Anti-GFP, mouse monoclonal,[TBS, 5% non-fat dryj|
1:500, Roche / 10521400 milk
SMP-1::mCh 43 Anti-RFP, rat monoclonal, 1:1000,[TBS, 5% non-fat dryj
ChromoTek / 5F8 milk
Histone H3, T. brucei 15 Anti-histone H3, rabbit polyclonal,[TBS, 5% non-fat dryj

1:500, (Gluenz and

unpublished)

Gull,

milk

Phosphoglycan repeats in
LPG, PPGs and SAPs,
Leishmania

~25-60 (LPG)

LT22, mouse monoclonal, 1:1000
for WB, 1:500 for IF, 1:50 for
immuno-gold, (llg et al., 1993); a
gift from Stephen Beverley

TBS, 0.05% Tween
20, 5% non-fat dry|
milk

STAT3, human 95 AF4607-SP,  rabbit  polyclonal,[TBS, 0.1% Tween 20,
1:740, R&D 5% BSA

STAT1, human 94 AF2894-SP, rabbit  polyclonal,[TBS, 0.1% Tween 20,
1:2000, R&D 5% BSA

STAT4, human 81 5267S, rabbit polyclonal, 1:1000,[TBS, 0.1% Tween 20,
Cell Signaling Technology 5% BSA

Erk1/2, human 42/44 AF1018-SP, rabbit polyclonal,[TBS, 0.1% Tween 20,
1:10,000, R&D 5% BSA

p38, human 43 9211S, rabbit polyclonal, 1:1000,[TBS, 0.1% Tween 20,

Cell Signaling Technology

5% BSA
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B)

Species specificity Species of origin Antibodies used
(name, conjugation, dilution, supplier/reference)
Mouse Rabbit A9044, HRP, 1:20,000, Sigma-Aldrich
Rat Rabbit Star11B, HRP, 1:1000 (Bio-Rad)
Rabbit Goat P0448, HRP, 1:5000, Dako
Mouse Goat F0257, FITC, 1:250, Sigma
Mouse Goat 5 nm gold, 1:40, Abcam

2.8. Protein mass spectrometry

The protein concentration of EV samples in PBS was measured using a Bradford assay
adjusted for small sample volumes: 10 pl of bovine serum albumin (BSA) standard, 1:2
diluted EV sample in PBs, or PBS as a blank was added to UVette cuvettes (Eppendorf).
200 ul of Bradford reagent diluted 1:5 in ddH,0 was added to each sample and mixed
before measuring the absorbance at 590 nm on a spectrophotometer. Protein
concentrations were interpolated from the standard curve using GraphPad Prism 7
software. To prepare for MS, EV samples in 2x Laemmli buffer and 1x protease
inhibitors (50 uM leupeptin hemisulphate (Sigma), 7.5 uM pepstatin A (Sigma), 500
UM phenylmethylsulfonyl fluoride (Roche), 5 pM (2S,3S)-trans-Epoxysuccinyl-L-
leucylamido-3-methylbutane ethyl ester (E-64d) (Biomol)) were electrophoresed 1 cm
into a 10% gradient SDS-PAGE gel (Bio-Rad). The entire sample was excised, in-gel

tryptic digest was carried out and the samples were submitted to the Advanced
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Proteomics Facility (http://www.proteomics.ox.ac.uk) for label-free MS using a Thermo

QExactive Orbitrap LC/MS/MS machine (Thermo Fisher). The following parameters
were used: carbamidomethylation of cysteine residues was set as a fixed
modification; oxidation of methionine residues was set as a variable modification; the
mass values were set as monoisotropic; the peptide mass tolerance was 20 ppm; the
fragment mass tolerance was 0.1 Da and the maximum number of missed cleavages
was 2. An MS/MS ion search of a recently re-annotated reference L. mexicana

genome (Fiebig et al., 2015) was carried out using Mascot software.

Testing the effects of L. mexicana promastigotes and EVs on
macrophages

2.9. Macrophage production and cell culture

Bone marrow cells were harvested by flushing the femora, humeri and tibiae of
female C57BL/6 mice, followed by erythrocyte lysis and incubation of the harvested
cells in vented flasks in high glucose DMEM with L-glutamine (Sigma) plus 10% FCS,
100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen) and 10 ng/ml
recombinant human M-CSF (R&D) at 37°C and 5% CO; to induce macrophage
differentiation. The macrophages were fully differentiated and ready to use after 6
days. A different batch of BMDMs, prepared in the same way by Theodoros Kapellos
in David Greaves’s lab at the Dunn School, was also used for a cytokine experiment

(Figure 5.11).

Human induced pluripotent stem cells (iPSC)-derived macrophages were generated
as previously published (van Wilgenburg et al., 2013) in collaboration with Sally

Cowley at the James Martin Stem Cell Facility. Briefly, iPSCs from three different
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healthy human donors were expanded for one week, formed into spherical embryoid
bodies and differentiated along the haematopoietic lineage for four weeks. The
embryoid bodies were then treated with 100 ng/ml M-CSF and 25 ng/ml IL-3 to induce
the production of monocytes which were harvested weekly from the culture medium
for up to 6 months by passing through a 40 um cell strainer to exclude cell aggregates
or embryoid bodies. The monocytes were then cultured in the experimental format
of choice (usually 96-well plates, Costar) in RPMI medium (Sigma) plus 10% FCS, 1x
GlutaMax, 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen) and 100
ng/ml M-CSF for 7 days at 37°C and 5% CO. with medium changes every 3-4 days to

induce differentiation to ready-to-use adherent macrophages.

2.10. Macrophage infection and EV treatment

For infection of macrophages for imaging, stationary phase promastigotes (Section
2.1) were resuspended in macrophage culture medium, added to the macrophages
and incubated at 34°C and 5% CO,. Where indicated, macrophages were washed by
replacing the medium twice to remove extracellular parasites post-infection. Where
specified, macrophages were stimulated by the addition of 100 U/ml IFNy (R&D) and
100 ng/ml LPS (Sigma). For imaging of macrophage infection with the LPG-deficient
ALPG1 cell line, 10° macrophages per well of a glass-bottom 1.5 coverslip 48-well plate
(MatTek) were incubated at 34°C for 24 h prior to infection to acclimatise the cells.
For cytokine secretion analysis, 10 ul of EV samples, negative control or stationary
phase promastigotes resuspended in sterile PBS were added per well containing
60,000 differentiated macrophages in 200 ul in a 96-well plate (Costar). Nothing was

added to the medium only controls. After 18 h at 34°C the 96-well plate was
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centrifuged for 5 min at 800 g to remove any extracellular parasites or floating
macrophages from the supernatant, then the supernatants from each well were
transferred to a new 96-well plate using a multichannel pipette and stored at -20°C

until cytokine analysis.

The same experimental conditions used for cytokine analysis were used to treat
macrophages for phosphoprotein WB analysis with one exception: a 24-well format
with 2 x10° macrophages per well was used. To collect macrophage WCLs the
macrophages were washed once with PBS, 50 pul of ice-cold RIPA buffer (Sigma, R0278)
containing phosphatase and protease inhibitors (Pierce, 88668) was added and the
macrophages were scraped with a cell scraper, transferred to Eppendorf tubes on ice
for 30 min, pipetted up and down twice with a 26G needle to shear genomic DNA,
centrifuged at 12,000 rpm for 4 min, transferred to new Eppendorf tubes and stored
at -80°C until use. The WCLs were prepared for SDS-PAGE electrophoresis by adding

an equal volume of 2x Laemmli buffer and heating at 100°C for 5 min.

2.11. Macrophage cytokine analysis

For initial cytokine screening, 200 pl of human iPSC-derived macrophage supernatants
were used to probe a membrane with 36 dots containing anti-cytokine antibodies
using a Proteome Profiler Human Cytokine Array Kit (R&D). After membrane
treatment similar to Western blotting (Figure 2.5) the amount of each cytokine was
visualized by addition of a chemiluminescent detection system (provided by the
manufacturer) and exposure to autoradiography film (Carestream). The amount of

each cytokine present was measured in a semi-quantitative way by measuring the

108



integrated pixel density (IntDen, the product of the area and mean grey value) of

equal-sized areas surrounding each cytokine dot using ImagelJ software.

Chemoluminescent
substrate

Streptavidin-HRP

———— Biotinylated antibody

Cytokine in sample

Pre-bound antibody

I | Membrane

Figure 2.5. Proteome Profiler cytokine analysis. Pre-bound antibodies in spots on the
membrane bind specifically to cytokines in the macrophage sample supernatant before the
excess supernatant is washed away. Biotinylated antibodies then bind the same cytokine
before excess antibody is washed away. Finally, streptavidin-HRP is added and binds the biotin
on the secondary antibodies. When a chemiluminescent substrate is added light is produced

which can be detected using autoradiography film.

For further cytokine analysis, 75 pl of each macrophage sample supernatant was used
for multiplexed quantitative ELISA to measure the absolute concentrations of multiple
cytokines at once using either human or murine Premixed Magnetic Luminex

Screening Assays (R&D) (Figure 2.6). The cytokine concentrations were measured
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using a Bio-Plex analyser (Bio-Rad). All statistical tests were carried out using

GraphPad Prism 7 software.

A)

Streptavidin-PE

Biotinylated antibody

Cytokine in sample

Pre-bound antibody

Magnetic bead
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Figure 2.6. Luminex cytokine analysis. A) Cytokines specific to a particular antibody are pre-
bound to magnetic beads which are colour-coded according to their cytokine specificity. The
antibodies bind to cytokines in the macrophage sample supernatant before the excess
supernatant is washed away. Biotinylated antibodies then bind the same cytokine before
excess antibody is washed away. Finally, streptavidin-PE (phycoerythrin) is added and binds

the biotin on the secondary antibodies. The beads are then illuminated in a monolayer in a
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Bio-Plex analyser; one light emitting diode (LED) detects which cytokine is being measured by
identifying the bead colour, another LED measured the amount of PE which is associated with
that bead, which is directly proportional to the amount of cytokine bound to that bead.
Standard beads with known amounts of pre-bound cytokines are used to calibrate the
measurements to allow quantification of cytokine concentration in the samples. B) Typical
examples of calibration curves used to interpolate cytokine concentrations from the

Fluorescence Intensity (Fl).

2.12. Blue™ NFkB/AP-1 reporter cell line culture and assays

RAW-Blue cells (InvivoGen, a gift from the Quentin Sattentau lab) are derived from
RAW 264.7 murine macrophages. The cells express secreted embryonic alkaline
phosphatase (SEAP) on a chromosomally integrated plasmid which is under the
transcriptional control of the transcription factors NFkB and AP-1, and can be used to
guantify the activity of these transcription factors (Figure 2.7). The cells were cultured
in vented flasks at 37°C and 5% CO: in high glucose DMEM (Sigma), 1x GlutaMax, 10%
FCS and 200 pg/ml Zeocin (InvivoGen) to maintain selection pressure for the retention
of the SEAP construct and were sub-cultured using a cell scraper every 2-3 days. For
transcription factor assays, 20 ul of L. mexicana EV samples or stationary phase
promastigotes resuspended in sterile PBS were added to the bottom of wells of a 96-
well plate (Costar) prior to the addition of 180 ul of RAW-Blue cells suspended in
culture medium at 100,000 cells per well. Sterile PBS was used as a negative control
and 100 ng/ml LPS (Sigma) as a positive control. After 18 h at 37°C, unless otherwise

specified, the plate was centrifuged for 5 min at 800 g to remove extracellular
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parasites or floating macrophages from the supernatant, then 50 pl of supernatant
was added to 150 pl of pre-warmed QuantiBlue reagent (InvivoGen) and incubated at
37°C for between 30 min and 24 h to allow blue colouration to develop, then
absorbance at 630 nm was measured using a Spectramax M5 and SoftMax Pro version

5 software.

Alkaline
phosphatase
LPS
NFkB/AP-1 TLR4

ol v

Supernatant +
Quanti-Blue

Figure 2.7. Quantification of NFkB and AP-1 activity using RAW-Blue cells. RAW-Blue cells
express all TLRs (except TLR5) and several other PRRs including NOD1, NOD2 and RIG-1. When
a PRR such as TLR4 is bound by its cognate agonist, i.e. LPS, a signalling cascade occurs leading
to the activation of transcription factors which may include NFkB and/or AP-1. Once activated,
NFkB and/or AP-1 bind to promoters upstream of the SEAP gene and initiate transcription.

SEAP protein is then secreted into the culture medium and when QuantiBlue reagent is added
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to the supernatant the alkaline phosphatase activity of SEAP turns the reagent from pink to
blue. The intensity of the blue colouration is directly proportional to the amount of alkaline

phosphatase present and therefore the level of NFkB and/or AP-1 activity.

3. Subcellular origin and structure of L. mexicana EVs
3.1. Introduction

3.1.1. Flagella as secretory organelles involved in sending cellular messages
An emerging field of research has shown that, in addition to their motility and sensory

functions, eukaryotic flagella have a secretory role. Initial evidence for this came from
studies of the green algae C. reinhardtii: flagellar-derived EVs deliver subtilase-like
serine proteases required for cell wall breakdown, allowing hatching of daughter cells
following cell division (Wood et al., 2013). C. reinhardltii is a valuable model organism
to study flagellar EVs since their cell body is encased in a cell wall leaving only the
flagellar membrane (FM) exposed. It is therefore assumed that only flagellar-derived
EVs are isolated from C. reinhardtii-conditioned medium; supporting this, EVs are not
found in conditioned medium from flagella-less mutants (Wood and Rosenbaum,
2015). Flagellar-derived EVs modulate mating behaviour in C. elegans (Wang et al.,
2014) and photoreceptor cilia renewal in mammals (Young, 1971). Outside C.
reinhardtii research, studying a sub-population of flagellar EVs in a heterogeneous
pool of exosomes and microvesicles from various surface membranes is challenging.
Isolating flagellar-derived EVs to study protein composition, for example, would likely
require immunoprecipitation. This requires specific markers for flagellar-derived EVs
and that epitopes are presented on the outer face of the membrane. This is especially

challenging for the study of non-mammalian organisms, including Leishmania spp.
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with >40% of their genes unannotated (based on TriTrypDB data) and only a small

number (<10) of known FM proteins (Landfear et al., 2015).

3.1.2. Evidence for flagellar EV release
FM budding has been observed by transmission electron microscopy (EM) of L.

donovani flagella (Silverman et al., 2010a) and by scanning EM of mammalian inner
medullar collecting duct (IMCD3) kidney cells (Nager et al., 2016). While these EM
studies give insight into the detailed structure of FM elaborations, they cannot give
us information about dynamics: do the blebs originate from the FM to which they are
adjoined, and if so will they undergo scission and be released; are they in the process
of fusing to rather than budding from the flagellum? Live time-lapse imaging and
imaging of tagged proteins with specific subcellular localisations can help address this.
The most convincing demonstration that EVs are released directly from FMs was
carried out in IMCD3 cells; time-lapse imaging of the fluorescently labelled ciliary
membrane-localised G-protein coupled receptor (GPCR) somatostatin receptor 3
(SSTR3) clearly showed rounding and scission of the ciliary tip, leaving behind a
shorter cilium (Nager et al., 2016). DIC time-lapse imaging showed EV release from
the flagellar tip of C. reinhardtii (Wood et al., 2013), and in T. brucei appeared to show
the scission of FM nanotubes followed by vesicularisation (Szempruch et al., 2016b).
However, whether the T. brucei nanotubes were truly flagellar-derived was unclear
due to low image resolution and lack of a specific FM marker. The importance of the
flagellumin T. brucei EV release is supported by the fact that flagellar surface proteins
are 4-fold enriched in the T. brucei EV proteome compared to the whole cell proteome

(Szempruch et al., 2016b).
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3.1.9. Flagellar EV cargo sorting and biogenesis
The mechanisms of microvesicle release from the flagellum are poorly understood.

Ciliary EV release from murine IMCD3 cells was shown using inhibitors to be
dependent on actin, myosin 6 and drebrin (Nager et al., 2016), providing the first
evidence that ciliary EVs may be generated using the same actin-dependent
mechanisms described for general microvesicle release (Muralidharan-Chari et al.,
2009). Another study provided mechanistic insight into flagellar EV cargo selection
and release; proteomic comparison of C. reinhardetii flagellar EVs versus FMs showed
enrichment of a subset of proteins, including ESCRT-related proteins, ubiquitinated
proteins and glycoproteins, in the EV fraction, suggesting selective cargo loading
rather than non-specific membrane shedding (Long et al., 2016). The authors propose
a model whereby ubiquitinated proteins are selected by ESCRT-related chaperones
and packaged into membrane buds which are released from the FM in an ESCRT
machinery-dependent manner. Both actin polymerisation (Romer et al., 2010) and
ESCRT machinery (reviewed in (Schoneberg et al., 2017)) are well known to mediate
membrane scission, a process required for EV biogenesis. It is unclear whether these

proposed ESCRT- and actin- dependent mechanisms could function together.

3.1.10. The link between EV release and flagellar shortening
A concept has emerged very recently in C. reinhardtii research, proposing that release

of flagellar EVs contributes to flagellar length regulation. In some cases, including C.
reinhardtii (Rasi et al., 2009), mammalian cells with primary cilia (Pan and Snell, 2007)
and Leishmania spp. (Wheeler et al., 2015), flagellar shortening occurs during the life
cycle. Our understanding of axonemal disassembly has made significant progress in

recent years (reviewed in (Pan and Snell, 2007, Ran et al., 2015)): in summary, Aurora
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kinase activates deacetylase HDAC6 which deacetylates alpha-tubulin and cortactin
leading to axonemal disassembly and FP actin polymerisation, driving ciliary
resorption. A recent study on mammalian RPE-1 cells showed that actin
polymerisation at the ciliary pocket leading to increased -clathrin-mediated
endocytosis initiates ciliary disassembly (Saito et al., 2017). However, the authors
argue that this clathrin-mediated endocytosis is not a mechanism for FM removal
since it appears to be required only at the early stages of ciliary shortening (i.e. in the
first hour; ciliary resorption in RPE-1 cells takes place biphasically, in the 1-2 h and 18-
24 h following serum re-addition (Pugacheva et al., 2007)), rather it helps initiate a
signalling cascade to trigger ciliary shortening. Therefore, how excess FM is removed

during flagellar shortening remains an open question (reviewed in (Hsu et al., 2017)).

Steady-state C. reinhardtii flagella shed EV quantities equivalent to an entire FM every
6 hours (Dentler, 2013). Maintaining a steady-state flagellum appears to rely on the
balance between Golgi-derived vesicle fusion to surface membranes and EV release
from the flagellum. This model is supported by the fact that inhibiting the delivery of
Golgi-derived vesicles with Brefeldin A leads to flagellar disassembly, presumably
through continued release of flagellar EVs (Dentler, 2013). During flagellar
disassembly induced by sodium pyrophosphate, which chelates calcium ions creating
a low calcium environment conducive to flagellar shortening (Lefebvre et al., 1978,
Quader et al., 1978), the shedding of EVs increases three-fold (Dentler, 2013).
Increased EV release during flagellar shortening was reported in another study of C.
reinhardtii (Long et al., 2016). FM release was tracked during flagellar shortening by

measuring the fluorescence intensity in the medium of cells stained with a lipid dye;
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the majority of shed membrane appeared to be flagellar-derived since a control
flagella-less intraflagellar transport (ift)-88 mutant showed drastically reduced
fluorescence intensity. Flagellar protein release was also tracked by isolating EVs from
the medium of cells with a luciferase-tagged EV-enriched protein, PDCD6, and
measuring luciferase activity (Long et al., 2016). These data both support increased
flagellar EV release during shortening. Knockdown of either of the ESCRT-related
proteins PDCD6 and Vps4 leads to reduced EV release during flagellar shortening and

reduced rate of shortening (Long et al., 2016).

Together, these data from C. reinhardtii (Long et al., 2016, Dentler, 2013) and
mammalian kidney cell studies (Nager et al., 2016) show that flagellar EV release is
temporally linked to flagellar shortening. The emerging hypothesis is that flagellar EV
release drives FM loss and shortening. Both flagellar EV release and shortening are
inhibited upon knockdown or inhibition of certain proteins (Long et al., 2016, Nager
et al., 2016), suggesting that the two processes are mechanistically linked and do not
occur passively. However, the current data cannot rule out that flagellar EV release is
a consequence rather than a cause of flagellar shortening. The relationship between
axonemal disassembly and FM loss in terms of signalling (is one process triggered first
which then drives the other or could a common pathway such as ubiquitination
govern both?) remains to be elucidated. Finally, whether flagellar EV release is the
primary mechanism of FM loss during shortening and how widespread it is among

eukaryotes remains to be discovered.

3.1.11. Known regulators of Leishmania flagellar length control
While the exact mechanisms contributing to flagellar shortening in Leishmania are

unknown, several proteins have been proposed as regulators of flagellar length.
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Mitogen-activated protein kinase 3 (MPK3) (Erdmann et al., 2006) and mitogen-
activated protein kinase kinase (MKK) (Wiese et al., 2003) KO L. mexicana cells have
shorter flagella than WT cells, with the average length of KO flagella being ~2 um
compared to ~12 um in WT cells. In line with their highly similar phenotypes, MPK3
and MKK are thought to belong to the same signalling pathway, since MKK has been
shown to phosphorylate MPK3 (Erdmann et al., 2006). Protein kinase 4 (PK4), like MKK
and MPK3, is a MAPKK homolog (Kuhn and Wiese, 2005) which is specifically
expressed in the promastigote stage and may therefore also play a role in flagellar
length control, although this is yet to be tested. Overexpression of Arl3A in L. donovani
alsoinduced shorter flagella, and interestingly these cells secreted lower levels of SAP,
suggesting a role for Arl3A in trafficking (Cuvillier et al., 2000). Overexpression of the
katanin-like protein Kat60b in L. major (Casanova et al., 2009) also led to cells with
shorter flagella and in line with a role in flagellar regulation, Kat60b was found to
localise to the flagellum. Katanins are microtubule severing proteins; Kat60b may
promote flagellar shortening via severing of axonemal microtubules. Kinesin-13
knockdown in L. major induced longer flagella; this kinesin localises to the flagellum
and is thought to depolymerise axonemal microtubules from the tip, providing a
possible mechanism for flagellar length regulation (Blaineau et al.,, 2007).
Manipulation of these proteins could provide valuable insight into the relationship

between flagellar shortening, FM nanotubes and EV release.

3.1.12. Aims
In previous experiments performed by Richard Wheeler (unpublished observations),

it was noticed that flagella of L. mexicana undergoing flagellar shortening during

differentiation appeared to shed membrane. FM nanotubes, similar to those
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described in T. brucei (Szempruch et al.,, 2016b), have also been observed on L.
mexicana promastigotes. The aims here are (i) to quantify these observations and
determine whether differentiating cells release more membrane than promastigotes
and (ii) to isolate these membrane vesicles from cell culture supernatants and
characterise their subcellular origin and structure. In addition, (iii) we aim to generate
KO cell lines in the search for essential proteins involved in EV biogenesis; these cells
will be screened for their ability to generate FM nanotubes and to undergo flagellar
shortening. These cell lines will be used to investigate putative links between FM

nanotube formation, flagellar EV release and flagellar shortening.
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3.2. Results

3.2.1. FM nanotube formation increases during promastigote to amastigote
differentiation

Evidence for FM shedding by light microscopy
We aimed to characterise the formation and dynamics of L. mexicana FM elaborations

during differentiation. For the purposes of this study, FM elaborations were classified
as blebs (spherical bud-like formations, Figure 3.1A, B) or nanotubes (thin streamer-
like projections, Figure 3.1C, D). Flagellar shortening during axenic promastigote to
amastigote differentiation is fully complete after 16 h, with the majority of cells having
an amastigote-like flagellum after 8 h (Wheeler et al., 2015). The formation of FM
elaborations was quantified using fluorescence microscopy at 0, 4, 8 and 32 h post-
induction of axenic differentiation (Figure 3.2A, B). The proportion of flagella with no
FM elaborations fell significantly from a mean of 74 to 48% between 0 and 4 h time
points then rose again slightly to 55% by 32 h (Figure 3.2B). These data were highly
reproducible. The level of FM elaborations at the flagellar tip rose throughout
differentiation while the level of lateral FM elaborations rose between the 0 and 4 h
time points then fell to 0.7% by 32 h, reflecting the fact that by this time point only

the tip is exposed (Figure 3.2B) (Wheeler et al., 2015).
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Phase contrast SMP-1::mCh Hoechst SMP-1:mCh

Figure 3.1. Examples of FM nanotubes and blebs. Example images of L. mexicana Clone 3
promastigotes displaying FM blebs (asterisks) or nanotubes (arrowheads). In the Clone 3 cell
line, endogenous alleles of small myristoylated protein (SMP)-1, an FM marker, and glucose
transporter (GT)-2, a cell body membrane marker, are tagged with mCh and eGFP genes

respectively. Scale bars 10 um.
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Figure 3.2. FM nanotube formation increases during promastigote to amastigote differentiation.
A) Log phase L. mexicana Clone 3 promastigotes were incubated in SM5.5, pH 5.5 at 34°C, to

induce axenic differentiation and samples were collected, washed and observed by
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fluorescence microscopy on Polysine™ slides at 0, 4, 8 and 32 h. More than 500 cells were
counted for each sample and each in focus flagellum was categorised as having either a neat
FM or blebbing either laterally, from the tip or both (combinations). Asterisks show significant
differences between time-points using a Fisher’s exact test with p values as follows: * p<0.05;
** p< 0.01; *** p<0.001; **** p<0.0001. This dataset is representative of three biological
repeats. B) Combined data of three repeats of the experiment shown in Fig. 3.2A. The error

bars show the mean + SEM. Values are percentages of the total flagella (in focus) counted.

Evidence for FM shedding by scanning EM
Scanning EM was used to examine FM nanotubes and blebs in more detail. The levels

of FM elaborations seemed higher on DIF (Figure 3.3B) compared to PRO (Figure 3.3A)
flagella (not quantified). FM blebs were present on the majority of flagella while FM
nanotubes (Figure 3.3Ba, f, h) were more difficult to find. The diameter of FM blebs
ranged from ~50-500 nm while FM nanotubes were ~50 nm across, consistent with
the size range of EVs being ~40-1000 nm across (Raposo and Stoorvogel, 2013). In
some cases, elaborate clusters of FM blebs along 1 um or more of FM were observed

(Figure 3.3Bd, ¢, j, k).
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Figure 3.3. Scanning EM of PRO, DIF and temperature-shocked Leishmania cells. Log phase L.
mexicana Clone 3 promastigotes were seeded into three parallel cultures in FCS-free medium
for 4 h: A) PRO cells in M199 at 28°C B) DIF cells in SM5.5 at 34°C C) temperature-shocked
cells in M199 at 37°C. The cells were fixed in 2.5% glutaraldehyde, prepared on glass slides
and sputter coated with gold before imaging on the scanning EM. The DIF images are
representative of two independent experiments. White asterisks: blebs; red asterisks: bleb

clusters; white arrowheads: nanotubes. All scale bars 2 um.
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Formation of FM elaborations under different conditions: protein synthesis
We investigated the formation of FM elaborations under different conditions.

We wondered whether de novo protein synthesis was required for FM elaborations.
While there was a 6% increase in the proportion of flagella with no FM elaborations
after a 30 minute 100 pg/ml cycloheximide incubation, this difference was not
significant (Figure 5A). However, a longer 4 h incubation of promastigotes with 10 or
100 pg/ml (100 pg/ml cycloheximide reported to inhibit 100% of protein synthesis in
L. infantum (Cloutier et al., 2012, Kamau et al., 2001, Wilson et al., 1993)) of the
protein synthesis inhibitor cycloheximide led to significant increases in the proportion
of flagella with no FM elaborations from 43% in the no drug control to 66% and 65%
respectively (Figure 5B). To see whether cycloheximide had any effect on
differentiation itself, drug was added, or not as a control, at 0, 4 and 8 h during axenic
promastigote to amastigote differentiation and the cells were imaged at 0, 4, 8 and
30 h to monitor their morphological differentiation. In summary, by comparing cells
with drug added to control cells it is evident that cells did not differentiate

morphologically any further after the addition of cycloheximide (Figure 3.5).
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Figure 3.4. Prolonged protein synthesis inhibition reduces the level of FM nanotube formation.
A) Graph shows effect of a 30 min cycloheximide incubation on FM nanotube formation. Log
phase Clone 3 promastigotes were incubated either in M199 at 28°C (PRO) or in SM5.5, pH
5.5 at 34°C to induce axenic differentiation (DIF). The cells were incubated either with nothing

(- drug) or with 100 pg/ml cycloheximide (+ drug). After 30 min samples were collected,
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washed and observed by fluorescence microscopy on Polysine™ slides. Each in focus
flagellum was categorised as having either a neat FM or blebbing either laterally, from the tip
or both (combinations). B) Graph shows effect of a 4 h cycloheximide incubation on FM
nanotube formation. Log phase L. mexicana Clone 3 promastigotes were incubated in M199
at 28°C either with nothing as a control, or with 10 or 100 pug/ml cycloheximide. After 4 h
samples were collected and analysed as above. Asterisks show significant differences
between time-points using a Fisher’s exact test with p values as follows: * p<0.05; ** p< 0.01;

% n<0.001; **** p<0.0001.
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Figure 3.5. Protein synthesis inhibition stalls morphological axenic differentiation. Four cultures
of log phase L. mexicana Clone 3 promastigotes were incubated in SM5.5, pH 5.5 at 34°C to
induce axenic differentiation at the same time. A control culture with no added cycloheximide
(- cycloheximide) was imaged by phase contrast microscopy at 0 h, 4 h, 8 h and 30 h. 100

ug/ml cycloheximide was added to the remaining cultures at either 0 h, 4 h or 8 h post-
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induction of differentiation and the cells were imaged alongside the control cells at the

subsequent time points. Scale bars 10 um.

Formation of FM elaborations under different conditions: fixation

We addressed the possibility that FM elaborations could be an artefact of sample
preparation for microscopy by comparing the level of FM elaborations in cells which
were chemically fixed either before or after washing with PBS and settling onto
microscopy slides. The proportion of flagella with no FM elaborations was 70% when
fixed before and 79% when fixed after sample preparation (Figure 3.6) and this
difference was significant. Therefore, cell washing and settling onto slides slightly

decreases FM elaborations rather than causing them.
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Figure 3.6. Effect of sample preparation for microscopy on FM nanotube formation. Log phase
L. mexicana SMP1::eYFP promastigotes were collected and either fixed in 3% PF and then
washed once with PBS before settling onto Polysine™ slides, or the cells were washed twice
with PBS and settled onto Polysine™ slides first before being fixed in 2% PF. The cells were

then observed by fluorescence microscopy. More than 400 cells were counted for each
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sample and each in focus flagellum was categorised as having either a neat FM or blebbing
either laterally, from the tip or both (combinations). Asterisks show significant differences
between time-points using a Fisher’s exact test with p values as follows: * p<0.05; ** p< 0.01;

*%% n<0.001; **** p<0.0001.

Formation of FM elaborations under different conditions: macrophage infection

To explore further whether formation of FM elaborations was an artefact of in vitro
culture, parasites were imaged live inside macrophages. FM elaborations were also
visible within infected macrophages, both murine (Figure 3.7) and human (Figure 3.8)
by imaging of flagella with a fluorescently tagged FM protein marker, SMP1. Figure
3.8 shows FM nanotubes and blebs formed 3-5 h post-infection and time-lapse
imaging showed that in several cases parts of these structures appeared to undergo
scission and floated away inside the macrophage (Figure 3.8A-D) on a timescale of
minutes. In one case the distal 2-3 um of a flagellum grew narrower before becoming

classified as a nanotube after around 6 minutes (Figure 3.8E).
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Figure 3.7. FM nanotubes and SMP1::eYFP shedding in infected macrophages. Murine BMDMs
were infected at an MOI of 5 with stationary phase L. mexicana SMP1::eYFP promastigotes.
After 2 h the macrophages were washed to remove extracellular parasites and stained with
the DNA dye Hoechst and imaged live by phase contrast (phase) and fluorescence microscopy
at the indicated time points post-infection. Non parasite-associated eYFP-bright foci within
macrophages are indicated with asterisks. FM nanotubes are indicated with arrowheads.

Scale bars 10 um.
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Figure 3.8. FM nanotube dynamics and shedding in infected macrophages. Human iPSC-derived
macrophages were infected at an MOI of ~20 with stationary phase L. mexicana Clone 3
promastigotes. After 2 h the macrophages were washed to remove extracellular parasites and
imaged live over time on an Airyscan microscope. A-E) Each figure shows a time-lapse series
of the same field of view. Numbers 1’-8’ indicate the time since the start of imaging in
minutes. Panel a) in A) shows the SMP1::mCh and GT2::eGFP channels merged. All other
panels show the SMP1::mCh channel. FM blebs (asterisks) or nanotubes (arrowheads) are
indicated. All fields of view shown were checked in the brightfield channel to ensure no

extracellular parasites were visible. Scale bars 1 um.
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Formation of FM elaborations under different conditions: FCS-free culture
Since FCS-free conditions are necessary for EV isolation studies because FCS contains

abundant EVs (Shelke et al., 2014), we investigated whether the absence of FCS led to
changes in morphological differentiation or levels of FM elaborations. Cells in FCS-free
medium were morphologically indistinguishable (not quantified) by microscopy from
control cells at 4, 8, and 32 h post-induction of axenic promastigote to amastigote
differentiation (Figure 3.9). The proportion of cells with no FM elaborations were not
significantly different before and after a 4 h incubation of promastigotes in FCS-free
medium, while DIF cells showed the expected significant increase in FM elaborations
after 4 h of axenic promastigote to amastigote differentiation in FCS-free medium

(Figure 3.10).
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Figure 3.9. Absence of FCS has no effect on morphological axenic differentiation. Log phase L.
mexicana Clone 3 promastigotes were incubated in SM5.5, with or without 10% FCS, at pH
5.5 and 34°C to induce axenic differentiation. Both cultures were imaged by phase contrast

microscopy at 0 h, 4 h, 8 h and 32 h. Scale bars 10 um.
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Figure 3.10. FCS has no significant effect on the level of FM nanotube formation. Log phase Clone
3 L. mexicana promastigotes in M199 with 10% FCS at 28°C (0 h PRO) were seeded without
FCSinto M199 at 28°C (4 h PRO) or SM5.5 at 34°C (4 h DIF) and incubated for 4 h. The samples
were collected, washed, fixed in 2% PF and observed by fluorescence microscopy on
Polysine™ slides. Each in focus flagellum was categorised as having either a neat FM or
blebbing either laterally, from the tip or both (combinations). Asterisks show significant
differences between time-points using a Fisher’s exact test with p values as follows: * p<0.05;

** p< 0.01; *** p<0.001; **** p<0.0001.
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Formation of FM elaborations under different conditions: heat shock
Temperature-shocked parasites were also imaged by scanning EM since this

treatment had been previously reported to induce excessive formation of surface
membrane blebs (Hassani et al., 2011). However, while the surface membrane of
temperature-shocked parasites had a more shrunken appearance (Figure 3.3C)
consistent with the published data (Hassani et al., 2011), we did not observe more

surface membrane blebbing compared to the PRO parasites (Figure 3.3A).
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Formation of FM elaborations under different conditions: SMP1 tagging
Since cell lines with the FM protein SMP1 tagged with either mCh or eYFP were used

for the majority of these studies, validation of the cell line and its use in FM dynamics
studies were necessary. A growth curve of Clone 3 compared to WT cells showed that
the tagged cell line grew slightly slower (Figure 3.11). In addition, the level of FM
elaborations observed in the Clone 3 cell line were not significantly different to WT

cells (Figure 3.12).

These data show that membrane is shed from the flagellum of L. mexicana
promastigotes, axenic differentiating cells and cells differentiating inside
macrophages. The amount of shed membrane appears to increase during
differentiation. We next sought to investigate the biogenesis mechanisms behind the

formation of FM elaborations.
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Figure 3.11. Growth curve of Clone 3 cell line. Log phase L. mexicana Clone 3 promastigotes
were seeded at ~1.10° cell/ml at 0 h then their cell densities were measured. Cell densities

were measured again at the indicated time points.
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Figure 3.12. FM nanotubes form at the same rate in WT and Clone 3 cells. L. mexicana WT and
Clone 3 promastigotes were collected from exponentially growing cultures of similar
densities, washed and observed by phase contrast microscopy on Polysine™ slides. A) More
than 200 cells were counted for each sample and each flagellum was categorised as having
either a neat FM or FM blebbing/nanotube formation. Bars show non-significant differences
between the cell lines with p values of more than 0.05 using a Fisher’s exact test. This data is
representative of two biological repeats. B) Representative phase contrast images of WT cells

displaying FM nanotubes (arrowheads). Scale bars 10 um.
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3.2.2. Selection and KO of candidate EV biogenesis proteins
Proteins were selected based on the literature which may be involved in EV

biogenesis. We aimed to see whether these proteins are essential for FM nanotube
formation by targeting these proteins for KO (Table 2). The list included ESCRT
proteins (putative Tsg101 homolog and Vps4) and accessory proteins (putative Alix
homolog), and proteins of the exocyst complex (putative Sec8, Sec10 and Secl5
homologs). Our interest in the link between flagellar length and EV release also led us
to select proteins for KO which are involved in flagellar length control based on
Leishmania spp. literature (Table 2); if a mutant was generated which either produced
no flagellum at all or a flagellum which did not undergo shortening during
differentiation these would be useful control cell lines for studying flagellar EV
release. For 10 out of the 17 genes, both alleles were successfully deleted using Crispr-
Cas9 (Beneke et al., 2017), as demonstrated by PCR showing absence of ORF and
correct integration of drug resistance genes for 10 out of the 12 cell lines which
survived transfection (Figure 3.13). One PCR checking for correct blasticidin
integration (LmxM.32.1380) and two PCRs checking puromycin integration
(LmxM.24.2320 and LmxM.33.3120) did not yield the correct product; this is likely to
be due to technical PCR problems, which is supported by the fact that two of the failed
PCRs had strong primer dimers (Figure 3.13). Two cell lines had integrated both drug
resistance genes but retained the ORF and were not therefore null mutants (Figure

3.13).
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TriTrypDB
accession

LmxM.04.1230
LmxM.32.1380
LmxM.32.0170

LmxM.08_29.2500

LmxM.31.0985
LmxM.27.1640
LmxM.08.0200
LmxM.21.1540
LmxM.23.0960
LmxM.11.0160

LmxM.08_29.0880

LmxM.13.0130
LmxM.10.0490

LmxM.08_29.2320

LmxM.24.2320
LmxM.13.0960

LmxM.33.3120

Protein
description

Actin

Erkl
Tetraspanin
VPS4

TSG101, putative
Alix, putative
ISCL

Sec8, putative
Sec10, putative
Sec15, putative
Arl3A
Kinesin-13
MPK3

MKK

PK4

KAT60b

LPG2

Reason for
knockout

EV biogenesis
components

Flagellar length
regulators

Positive control
for knockout
method

Successful

Yes
Yes
Yes
No
No
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Blasticidin PCR
knockout? amplicon length

667
825
683

739

815
688
742
764
623
658
625

690

Puromycin
PCR amplicon
length

752
910
768

824

900
773
827
849
708
743
710

775

ORF PCR
amplicon

116
171
205

307

169
221
211
117
171
290
108

316

Table 3.2. Summary of EV biogenesis and flagellar length control proteins targeted for knockout.

Replacement of both alleles of the genes for these proteins with blasticidin and puromycin

resistance cassettes was attempted in a single transfection using Crispr-Cas9. The parental

cell line expressed SMP1::mCh as a FM marker. The cell lines which successfully survived

transfection and were resistant to both selection drugs are indicated in the ‘Successful

knockout?’ column. Protein descriptions and the reason for the knockout are shown. The

amplicon lengths (number of nucleotides) of the PCRs to verify the successful loss of ORF and

gain of resistance genes in the transfected cell lines are shown. Two cell lines which survived

transfection were shown by PCR (Fig. 3.13) to have retained the ORF of the target gene

(TSG101 and Sec15) and were therefore not successful knockouts.
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LmxM.04.1230
LmxM.32.1380
LmxM.32.0170
LmxM.31.0985
LmxM.11.0160
LmxM.08_29.0880
LmxM.13.0130
LmxM.10.0490
LmxM.08_29.2320
LmxM.24.2320
LmxM.13.0960
LmxM.33.3120

PCR target:
10,000

1000
200
10,000

ORF

1000
200

Blasticidin

Parental cell lines

10,000

Puromycin
200

10,000

1000

ORF
200

10,000

1000
200

Blasticidin

Knockout cell lines

10,000
1000
200

Puromycin

Figure 3.13. Verification of EV biogenesis and flagellar length control protein knockouts by PCR.
PCRs were carried out on genomic DNA from the parental cell line (Cas9 T7 SMP1::mCh) and
from each transfected knockout cell line shown in Table 3.2. For each cell line and parental
control three PCRs were carried out: ORF) amplifies a region within the ORF, Blasticidin)
amplifies between a forward primer in the endogenous 5’ UTR and a reverse primer in the
blasticidin ORF, Puromycin) amplifies between a forward primer in the endogenous 5 UTR

and a reverse primer in the puromycin ORF. PCRs showing that the attempted LmxM.31.0985
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and LmxM.11.0160 knockout cell lines have retained the ORF are highlighted in red. The 2
inserts in the ORF panel show products from a different gel. Amplicon sizes in base pairs are

indicated by the numbers on the left hand side.

3.2.3. Phenotypes of candidate EV biogenesis KOs

All null mutant cell lines were imaged by fluorescence microscopy to observe changes
in flagellar length compared to the parental cell line. Actin, Erk1, tetraspanin, kinesin-
13, PK4 and Kat60b null mutants showed no changes in flagellar length (not
quantified) (Figure 3.14). Arl3A null mutant cells displayed varying flagellar lengths;
some cells had no discernible flagellum, some appeared to have normal length flagella
and some had an intermediate phenotype (Figure 3.14). Strikingly, the SMP1::mCh
localisation of ArI3A null mutant cells was cell body and FM instead of the expected
FM-enriched localisation (Figure 3.14). Arl3A KO cell lines have been independently
generated twice more resulting in the same SMP1 mislocalisation phenotype (Gluenz
lab, unpublished data). As expected (Erdmann et al., 2006), MPK3 and MKK null
mutants had short flagella extending up to ~2 um beyond the cell body compared to
~10 um in the parental cell line, and in addition their cell bodies were more rounded
than the parental cell line (Figure 3.14). Observation of SMP1::mCh signal showed that
all cell lines were able to produce FM nanotubes (Figure 3.14), showing that none of
the genes which were deleted are essential for this process. All null mutant cell lines
grew into stationary phase at similar rates to the parental cell line, except the actin

null mutant which grew slower (Figure 3.15).
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Phase SMP1:mCh SMP1:mCh Phase

Figure 3.14. Imaging of EV biogenesis and flagellar length control knockout cell lines. The

parental cell line (Cas9 T7 SMP1::mCh) expresses SMP1::mCh as a FM marker. The confirmed
null mutant cell lines from Table 3.2 and Fig. 3.13 as well as the parental cell line were imaged
on a fluorescence microscope. The panels are phase contrast (phase), and merged
SMP1::mCh and phase contrast. At least one example of a cell displaying FM nanotubes is
indicated by white arrowheads for each cell line. Fields of view of the flagellar length mutants
ALmxM.08_29.0880, ALmxM.08_29.2320 and ALmxM.10.0490 are shown. All scale bars are

10 pm.
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Figure 3.15. Growth curves of EV biogenesis and flagellar length control knockout cell lines. All
knockout cell lines from Fig. 3.14 and the parental cell line (Cas9 T7 SMP1::mCh) were seeded
at ~1.10° cells/ml at O h, their cell densities were measured and then measured again at 24,

48,72, 96 and 144 h.

3.2.4. EM shows successful isolation of EVs from Leishmania cultures
To allow subcellular origin and structural studies, EVs were isolated by differential

centrifugation from FCS-free medium conditioned with L. mexicana promastigotes
(PRO) or cells which had undergone axenic promastigote to amastigote differentiation
(DIF) for 4 h. A 4 h incubation was chosen because cells at that time point are
undergoing flagellar shortening, few cells have fully shortened amastigote-like flagella
(Wheeler et al., 2015), and the levels of FM elaborations are the highest of the time
points measured in this study (Figure 3.2A, B). While a longer incubation may have
improved EV vyield, we aimed to maximise cell health by minimising the time cells

spend in FCS-free medium, and also to maximise DIF sample homogeneity by isolating
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EVs from a population where the majority of cells are undergoing flagellar shortening

(Wheeler et al., 2015).

L. mexicana stationary phase
promastigotes

1800 g, 5 min

Resuspend in FCS-free SM5.5 or M199 medium

4h
Axenic differentiation Promastigote culture
(DIF), 34°C (PRO), 28°C
800 g, 30 min
Supernatant —\Whole cells

2000 g, 30 min
Supernatant =
4°C '
15000 g, 45 min __ Debris
Supernatant

100 000 g, overnight=

Wash pellet in
8ml PBS - Vesicle-enriched fraction

100000g,1h

Pellet -

Resuspend in PBS (imaging) or Laemmli buffer (proteomic analysis)

Isolated PRO (Figure 3.16A) and DIF (Figure 3.16B) EVs with diameters of ~100 nm
were visible by negative staining EM and none were visible in the FCS-free medium
only control (Figure 3.16C). What appeared to be filamentous extracellular proteins

were also visible (Figure 3.16A). Using this EM sample preparation method, however,
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EVs were very scarce making it difficult to obtain an accurate idea of the range of EV
sizes. Figure 3.17 shows the same EV sample prepared for negative staining EM with
a 1 minute sample incubation and 3 ddH,0 washes (Figure 3.17A) compared to a 10
minute incubation and no ddH,0 washes (Figure 3.17B). Using the former method,
EVs were abundant in only 1 square of the EM grid (Figure 3.17A), whereas the latter
method led to more uniform EV abundance across the grid (Figure 3.17B) as well as
the increased abundance of small EVs (< 40 nm in diameter). In both cases, EVs with
diameters between 30 and 200 nm as well as filamentous proteins were visible (Figure
3.17A and B). Negative staining EM gives a good idea of the abundance and size
distribution of isolated particles but does not prove that the objects of interest are
true vesicles, with a lipid bilayer. Cryo-EM was used to image a DIF EV sample with an
EV concentration 2-fold higher than the sample shown in Figure 3.17. Only two
vesicles were observed which were around 150 nm across (Figure 3.18); this low
abundance could be due to the fact that cryo-EM requires high sample concentrations
(Cabra and Samso, 2015, Fernandez-Leiro and Scheres, 2016). The lipid bilayer was

clearly visible as a double line showing that these are membrane-bound vesicles.
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Figure 3.16. Isolated EVs from Leishmania cultures imaged by negative staining EM. EVs were

isolated from Clone 3 cells by differential centrifugation; either from promastigotes in FCS-
free M199 (A), cells which had been differentiating in FCS-free SM5.5 for 4 h (B), or an FCS-
free SM5.5 medium control. The isolated EVs were resuspended in PBS with 4% PF, prepared
for negative staining on carbon coated grids with UA staining and imaged by transmission EM.

Arrowheads: vesicles; asterisks: protein filaments. Scale bars 100 nm.
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Figure 3.17. Improvement of negative staining EM of isolated EVs. EVs were isolated by

differential centrifugation from L. mexicana Cas9 T7 cells which had been differentiating in
FCS-free SM5.5 for 4 h. Isolated EVs were resuspended in PBS + 2% PF. The EVs were prepared
on carbon coated grids with either A) standard sample preparation of 1 min sample
incubation with 3 ddH,0 washes or B) a 10 min sample incubation with no ddH,0 washes.
Panels show 4 representative images of EVs isolated by both methods. Both samples were

stained with UA. Black arrowheads indicate some of the EVs in the <40 nm diameter size range
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and white arrowheads some of the EVs in the >40 nm diameter size range. Asterisks indicate

protein filaments. All scale bars 1 um.

Figure 3.18. Cryo-electron imaging of isolated EVs showing lipid bilayer. EVs were isolated from
L. mexicana Clone 3 cells by differential centrifugation from cells which had been
differentiating in FCS-free SM5.5 for 4 h. The EVs were resuspended in PBS and prepared for

cryo-electron imaging. Scale bars 100 nm.
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3.2.5. Density gradient separation of vesicle fractions
The observation of contaminating filamentous proteins in EV samples (Figures 3.16

and 3.17) led us to attempt further purification of EVs using an iodixanol density
gradient separation protocol based on a published method for isolation of EVs of a
similar size range (Cvjetkovic et al., 2016). DIF EVs were isolated by differential
centrifugation followed by density gradient separation then particle concentrations
of fractions 1-9 were measured by nanoparticle tracking analysis (NTA). The highest
particle concentrations were consistently measured in fractions 2 and 3, which
together contained a mean of 66% of the total particles in all fractions (Figure 3.19A).
By calculating the sum of particles in all fractions (mean of 8.2x10%°) and dividing by
the total number of L. mexicana cells used (2.2x10%°), the average number of particles
per cell was 3.7. By comparison, the average number of particles per L. mexicana cell
when DIF EV samples isolated by differential centrifugation were measured by NTA
using the same Nanosight machine settings was 1.3 (mean of 5x10° total particles
divided by 4x10° cells used, calculated from parental sample data used in Figure 5.12);
note that the number of particles per cell described here is lower than for DIF EV
samples described in Section 3.2.7. This is likely due to technical issues: damage to the
Nanosight machine occurred between the experiments carried out in Section 3.2.7
and this section, leading to decreased sensitivity of the camera and likely
underestimation of particle counts. The average mean (Figure 3.19B) and median
(Figure 3.19C) particle diameters varied among fractions 1-9 from 130 to 210 nm;

these differences followed no pattern and were not large.

Fractions 1-9 were also analysed by negative staining EM (Figure 3.20). At least 1 EV

was visible in all fractions. EVs were most abundant in fractions 2, 3 and 7 and were
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difficult to find in the remaining fractions, consistent with NTA data. Square crystals
were also abundant in fraction 3. Filamentous protein was not observed in any of the
fractions, it is possible that the increased number of washes compared to differential
centrifugation alone reduced non-vesicle contamination. No obvious segregation

based on EV size was observed, consistent with NTA data (Figure 3.198B, C).
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Figure 3.19. Density gradient separation of EVs measured by NTA. EVs were isolated from L.
mexicana Clone 3 cells which had been differentiating in FCS-free SM5.5 for 4 h by differential
centrifugation followed by further purification on an iodixanol (Optiprep™) density gradient.
Nine equal fractions were collected (fraction 1 being taken from the top of the tube), pelleted
and resuspended in PBS and the particle concentration of each fraction was measured by
NTA. A) The graph shows the mean percentage of total particles in all fractions + SEM in each
fraction from 3 biological repeats. B, C) The graphs show the mean (B) and median (C) particle

diameter £ SEM in each fraction from 3 biological repeats.
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Figure 3.20. Density gradient separation of EVs analysed by negative staining EM. Fractions 1-9
were collected, pelleted and resuspended in PBS with 2% PF and prepared for negative
staining EM on carbon coated grids with UA staining. At least three grid squares were imaged
for each fraction and two representative images are shown. Black arrowheads indicate some
of the EVs in the <40 nm diameter size range and white arrowheads the EVs in the >40 nm

diameter size range. Scale bars 500 nm.

3.2.6. Fluorescence microscopy of EVs from SMP1::mCh-GT2::eGFP:TY cells suggests EV
release from flagellum and cell body

Data from Section 3.2.1 suggests that EVs are released from L. mexicana FM
nanotubes and blebs. To further investigate and quantify EV subcellular origin before
and during differentiation, EVs were isolated from Clone 3 (SMP1::mCh-
GT2::eGFP:TY) cells. mCh- and eGFP- bright foci were observed in isolated EV samples
from the tagged reporter cell line but not from WT cells (Figure 3.21A), indicating that
the fluorescent foci corresponded to SMP1::mCh and GT2::eGFP. Foci which were
both mCh- and eGFP- bright were not observed (Figure 3.21A). The foci were in the
size range of EVs (<1 um) but their exact sizes could not be determined due to the
diffraction limit of light. In both PRO and DIF EV samples the number of mCh-bright
foci was higher than eGFP-bright foci (Figure 3.21B): 5-fold higher in the PRO and 206-
fold higher in the DIF. The absolute number of mCh-bright foci was 2.5-fold higher in
the DIF sample, whereas the absolute number of eGFP-bright foci was 16-fold higher

in the PRO.
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Figure 3.21. Fluorescence microscopy of EVs from Clone 3 cells suggests EV release from the
flagellum. A) EVs were isolated from L. mexicana Clone 3 or wild type cells which had been
incubated in FCS-free M199 at 28°C for 4 h. Isolated EVs were resuspended in PBS and
observed by fluorescence microscopy. These images are representative of three independent
experiments. B) EVs were isolated from Clone 3 cells which had been incubated in FCS-free
M199 at 28°C (PRO) or in FCS-free SM5.5 at 34°C (DIF) for 4 h. Pelleted EVs were resuspended

in PBS and observed by fluorescence microscopy. Scale bars 1 um.
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3.2.7. Nanoparticle tracking analysis suggests increased EV release during differentiation
NTA showed that both PRO and DIF EV samples have a particle size distribution

ranging from ~50-300 nm with very similar mean diameters of 140 and 147 nm
respectively (Figure 3.22A). Particles <50 nm in diameter were not detected by NTA
under the conditions of this study. The commonly used methods for EV isolation
(reviewed in (Szatanek et al.,, 2015)) are differential ultracentrifugation with or
without a density gradient step, immuno-affinity isolation, size exclusion
chromatography, and commercially available kits including qEV size exclusion
columns (Vogel et al., 2016). Differential ultracentrifugation is the most commonly
used method (Livshits et al., 2015) and has the advantage of not relying on unknown
reagents and methods of commercial kits. However, the protocol takes at least one
day to carry out, therefore alternative isolation methods are worth investigating to
determine whether they can reduce isolation time and also improve yield. For qEV
column isolation, | carried out 800 g and 2,000 g centrifugation steps, as for the
differential ultracentrifugation protocol, then applied the supernatant to the qEV
column; the protocol lasted a few hours compared to 1.5 days for differential
ultracentrifugation. Higher concentrations of DIF compared to PRO particles were
isolated by both differential centrifugation (Figure 3.22B) and qEV size exclusion
columns (Figure 3.22C). However, particle yield was higher using differential
ultracentrifugation (mean of 5.7 PRO and 8.3 DIF EVs per L. mexicana cell) compared
to gEV columns (mean of 3.7 PRO and 5.0 DIF EVs per L. mexicana cell), therefore
differential ultracentrifugation continued to be used for all experiments. The increase
in mean EV concentration between PRO and DIF EV samples was 44% and this

difference was significant (Figure 3.22D). A FCS-free medium control which had
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undergone all steps of EV isolation was also analysed (data not shown) and measured

particle concentrations were >40-fold lower than for isolated EV samples.

In conclusion, FM elaborations were observed on axenic promastigotes and
differentiating cells both in axenic culture and inside macrophages. The frequency of
FM elaborations was unaffected by SMP1 being fluorescently tagged and FCS-free
conditions, but was decreased by protein synthesis inhibition and increased 2-fold
during promastigote to amastigote differentiation. These structures appeared to be
linked to flagellar EV release since time lapse imaging showed EV release from FM
nanotubes and blebs. EVs were successfully isolated from L. mexicana-conditioned
medium by differential ultracentrifugation and imaged by negative staining EM, which
showed a heterogeneous population of EVs ~30-300 nm in diameter suggestive of
both exosomes and microvesicles. Non-vesicle-associated filamentous protein
contamination was observed by EM. Further purification of EVs using density gradient
separation successfully enriched 66% of total particles (assumed to be EVs) in 2 out of
9 fractions, and appeared to remove filamentous protein contamination. Supporting
the observation of increased FM elaborations during differentiation, ~44% more
particles (assumed to be EVs) in the >50 nm size range were released from
differentiating cells compared to promastigotes. Due to technical restrictions,
particles in the <50 nm size range could not be measured. Fluorescence microscopy
of EVs isolated from a tagged cell line suggests that the FM is a major source of EVs

and that the proportion of FM-derived EVs increases during differentiation.
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Figure 3.22. NTA of EVs shows increased EV release during Leishmania differentiation. PRO and
DIF EVs were isolated and measured by NTA using total scatter mode. A) The histogram shows
the size distributions of PRO and DIF EVs from SMP1::eYFP cells isolated by differential
centrifugation. B) EVs were isolated from SMP1::eYFP cells by differential centrifugation. The
graph shows the EV concentrations of PRO versus DIF samples from two independent
experiments. C) EVs were isolated from SMP1::mCh cells using Izon gEV columns. The graph
shows the EV concentrations of PRO versus DIF samples from two independent experiments.
D) The graph show the normalised EV concentrations + SEM from the four independent
experiments shown in Fig.s 23B and 23C. Asterisks show significant differences as tested by
paired (B and C) or unpaired (D) t-tests with p values as follows: * p<0.05; ** p< 0.01; ***

p<0.001; **** p<0.0001.
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3.3. Discussion

3.3.1. EV release and flagellar shortening are linked

As discussed in Section 3.1.1, there is mounting and convincing evidence that FMs are
a functionally important source of EVs in C. reinhardtii (Dentler, 2013), C. elegans
(Wang et al., 2014) and mammalian cells (Nager et al., 2016). This field of research
has only recently started to be explored in trypanosomatids (Szempruch et al., 2016b),
however, and there is not yet convincing published data on flagellar EVs from
Leishmania spp.. We find that L. mexicana forms FM elaborations in the form of blebs
and nanotubes (Figure 3.1) and time-lapse imaging suggests these structures are sites
for EV release (Figure 3.8). The frequency of these structures approximately doubles
during the flagellar shortening phase of promastigote to amastigote differentiation
(Figure 3.2). Supporting these observations of whole cells, analysis of cell
supernatants demonstrated the presence of EVs (Figures 3.16 and 3.17) and showed
that the total number of EVs released (Figure 3.22) as well as the ratio of flagellar-
derived EVs (Figure 3.21) increases during differentiation. These data suggest a link
between flagellar shortening and EV release, as has been shown in other organisms

(Dentler, 2013, Nager et al., 2016, Long et al., 2016).

Based on the length of an average promastigote flagellum being ~10 um (Wheeler et
al., 2011) and the diameter ~300 nm (Gluenz et al., 2015), the approximate surface
area of the FM is ~9.6 um 2. Taking the average DIF particle diameter of 147 nm and
therefore membrane surface area of 0.3 um 2, 35.4 DIF particles equal the same

surface area as 1 FM. After 16 h of axenic promastigote to amastigote differentiation,
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flagellar shortening of all cells is complete (Wheeler et al., 2015). Therefore, assuming
a model where flagellar EV release drives shortening and a constant rate of flagellar
EV release, after the 4 h of differentiation which is used to prepare our DIF EVs we can
predict that a quarter of 35.4, 8.9, EVs would be released per flagellum. This rough
prediction is close to the measured value of 8.3 DIF particles per L. mexicana cell
(Section 3.2.5), which is surprising given the expected loss of EVs during isolation.
While it is encouraging that the measured data is in the same range as the prediction,
there is reason to doubt the accuracy of the measured 8.3 particles per cell. A problem
with NTA is the inability to distinguish vesicles from non-vesicle particles such as
aggregated protein and inorganic crystals present in the medium or PBS, although the
fact that medium only controls have >40-fold lower particle concentrations than EV
samples (Section 3.2.7) suggests that the majority of particles measured in EV samples
are L. mexicana-derived. The Nanosight used in this study is able to measure green
fluorescent particles which would, in theory, allow the use of specific markers.
However, the fluorescent signal of isolated EVs from the SMP1::eYFP cell line was
below the detection limit of the camera. It would be advisable in future experiments
to use a cell membrane dye to stain isolated EVs for NTA in order to measure only

membranous particles.

Our data show a clear temporal correlation between flagellar shortening and EV
numbers. What is missing to show a causal relationship between flagellar EV release
and flagellar shortening are control experiments using either mutant flagella-less cell
lines or a cell line which does not undergo flagellar shortening during differentiation

to show whether increased EV release and FM elaborations are still observed.
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Unfortunately, we were unable to find a flagella-less control cell line; existing ‘flagella-
less’ mutant cell lines, including IFT protein KOs, possess a flagellar transition zone
and still synthesize and shed FM (unpublished data from our lab), and we have been
unable to generate mutant cell lines which do not undergo flagellar shortening upon
differentiation (Section 3.2.3). However, live time-lapse imaging provides some
evidence that flagellar EV release can cause shortening, since these images seem to
show flagellar EV release and nanotube formation at the tip leaving behind a shorter

flagellum (Figure 3.8C, E).

3.3.2. Insights into flagellar EV biogenesis
Studies in other organisms have shown dependency of flagellar EV release on active

actin (Nager et al., 2016) or ESCRT-related (Long et al., 2016) proteins; we show that
protein synthesis inhibition leads to a reduction in FM elaboration (Figure 3.4),
supporting the dependency of this process on de novo protein synthesis. Although,
since protein synthesis inhibition has global effects on cellular function, it is likely that
differentiation itself is inhibited. This is supported by our observations of
differentiating cells in the presence of cycloheximide showing that morphological
differentiation, including flagellar shortening, is stalled (Figure 3.5), therefore
reductions in FM elaboration may be a secondary effect. Interestingly, while global
translation is attenuated by ~20% during differentiation via eukaryotic initiation factor
2a phosphorylation (Cloutier et al., 2012), it is likely that increased translation of a
subset of proteins is necessary to drive differentiation: the translation of certain
developmentally regulated proteins such as A2 (Cloutier et al., 2012) and HSP83
(Larreta et al., 2004) is upregulated during differentiation, although whether this is

necessary to drive differentiation was not addressed in these studies. To our
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knowledge, we provide the first published evidence that de novo protein synthesis is
required for morphological differentiation of L. mexicana. KO of specific proteins, such
as Vps4 which was knocked down in C. reinhardtii leading to reduced EV release and
flagellar shortening, could be carried out to learn more about the mechanisms

underlying these processes in L. mexicana.

We show that both blebs and nanotubes can release EVs (Figure 3.8), but whether
these structures form and release EVs by distinct mechanisms requiring different
protein machinery and/or membrane domains is not clear. Intriguingly, the dynamics
of EV release from the FM (Figure 3.8) resemble the phenomenon known as pearling
(Jelercicand Gov, 2015). It would be interesting to carry out high resolution time-lapse
imaging of L. mexicana FM nanotubes in cells with stained or tagged actin to establish
whether this process is analogous to pearling. The fact that both FM blebs and
nanotubes are formed within infected macrophages reassures us that the FM
elaboration analyses carried out on cells in culture have some relevance. These in-
culture studies are highly reproducible under different conditions and in different cell
lines, i.e. with and without FCS and in cell lines with tagged or untagged SMP1.
Whether the absolute levels of FM elaborations are the same in culture and within
macrophages remains an open question, which could be easily addressed by
qguantifying FM elaborations at the same time points as were used for the axenic
experiment (0, 4, 8 and 32 h) in z-stack images of macrophages infected with L.

mexicana stationary phase Clone 3 promastigotes.

Previous published data has shown a massive increase in surface membrane blebbing

and EV production of L. mexicana following a 4 h heat shock at 37°C (Hassani et al.,
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2011). It was not clear whether the surface blebs were the source of the EVs, however.
Furthermore, the biological significance of this effect is open for discussion, since
these temperature-shocked cells arguably did not look healthy and L. mexicana would
usually replicate in skin-resident macrophages where the temperature would be
lower than 37°C. We were unable to reproduce these results (Figure 3.3C); it is
possible that additional conditions such as particular medium supplements are
needed to induce this effect. Based on our data, though, it seems obvious that heat-

shock alone is not sufficient to cause a massive increase in membrane blebbing.

3.3.3. Generation of KO cell lines for FM nanotube and EV biogenesis studies
KO cell lines for three EV biogenesis proteins Actin, Erkl and tetraspanin, and six

flagellar length control proteins were generated in the search for a protein which is
essential for FM nanotube formation. In addition, these cell lines will be useful as tools
for future studies on L. mexicana EV biogenesis and flagellar EV release. To our
knowledge, this is the first time an actin null mutant cell line has been generated; in
mammalian cells, KOs of one actin isoform have been achieved but other isoforms
remained present (Bunnell et al., 2011, Tondeleir et al., 2012). L. mexicana has only
one encoded protein with very high sequence homology (70% identity) to mammalian
actin which is annotated as actin (LmxM.04.1230), however several actin-like proteins
with actin domains are also encoded. Further research into the identity and function
of these actin-like proteins is necessary before we could confirm our generation of an
actin null mutant. If a null mutant has indeed been generated, this may indicate the
relative unimportance of actin in Leishmania spp., which rely largely on a microtubule-
based rather than actin-based cortical cytoskeleton for cell shape and movement

(Sahasrabuddhe et al., 2004, Gull, 1999). L. mexicana actin may not be essential but
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the KO was the only cell line in this study which grew substantially slower than the
parental (Figure 3.15), suggesting actin may have important functions which are
currently poorly understood (Sahasrabuddhe et al., 2004). Despite two attempts, KO
of three ESCRT-related proteins which would have been valuable cell lines for the
study of EV biogenesis, given the widespread importance of ESCRT in vesicle
formation (Obita et al., 2007, Colombo et al.,, 2013), was unsuccessful. The
development of a conditional KO system in L. mexicana (which does not possess siRNA
machinery (Lye et al., 2010)) would be invaluable for this line of study. All KO cell lines
were able to form FM nanotubes (Figure 3.14), showing that none of the deleted
genes are essential in this process. However, it would be interesting to quantify the
frequency of FM nanotubes in these KO cell lines to capture any subtle effects. It
would also be worthwhile to directly measure the level of EV release (by NTA, for
example) from the KO cell lines to see if any are likely to be involved in EV biogenesis.
In addition, all KO cell lines were able to fully morphologically differentiate to
amastigotes with short flagella within 24 h (data not shown), suggesting they have no
obvious defects in flagellar shortening, although the detailed kinetics of shortening

were not quantified.

3.3.4. Arl3A plays a role in the FM localisation of SMP1
The only other KO cell line with obvious changes in flagellar length was the Arl3A null

mutant which has flagella ranging from residual to normal length, similar to the
phenotype observed under conditions of constitutively active Arl3A overexpression
(Cuvillier et al., 2000). Interestingly, the FM-enriched localisation of N-terminally
myristoylated protein SMP1 is disrupted in this cell line, with SMP1 distributed across

the cell body and FM (Figure 3.14). An Ari3A add-back (AB) cell line would have to be
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generated to prove that this phenotype is due to the absence of ArI3A. This
mislocalisation phenotype is consistent with the known role of mammalian Arl3,
which mediates the ciliary localisation of myristoylated proteins by triggering their
release from Protein Unc-119 Homolog A which targets them to the cilium (Ismail et
al., 2012). ArlI3 is widely conserved in ciliated organisms (Avidor-Reiss et al., 2004).
Arl3A has been previously implicated in Leishmania flagellar function since Arl3A
mutant cells had short flagella (Cuvillier et al., 2000), but it was not clear whether this
phenotype was related to its known function in mammalian cilia; our result suggests
that the role of Arl3 in flagellar protein localisation may be conserved between

Leishmania spp. and mammals.

3.3.5. The FM as a source of EVs
Fluorescence imaging and quantification of isolated L. mexicana EVs from a cell line

with fluorescently tagged FM and cell body membrane proteins suggests that the
majority of EVs observed are flagellar-derived (Figure 3.21). This simple method is, to
the best of our knowledge, a novel approach which is not widely used for studying the
subcellular origin of EVs. One problem, however, is that we cannot conclude that the
fluorescent foci observed are EVs, they may be aggregated protein or other cellular
debris. This could be addressed using high pressure freezing to preserve native
fluorescence of whole-mount or thin-section EVs isolated from Clone 3 cells, followed
by correlative fluorescence and electron microscopy to see whether fluorescent foci
correspond to EVs. This approach would also address another issue: non-fluorescent
EVs may come from cellular compartments other than surface membranes (exosomes
for example) and are not visible by fluorescence microscopy. It is therefore possible

that a large number of other EVs are present and unaccounted for in our analysis and
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that flagellar-derived EVs could constitute a much smaller fraction of total EVs.
Another issue is that we assume EVs labelled with the fluorescently tagged FM protein
SMP1::mCh are therefore FM-derived. This may not be true; surface membrane
proteins inevitably spend some of their time being trafficked in intracellular vesicles
which could either be released as exosomes or by lysed cells and isolated alongside
EVs. As far as we know, cell body membrane and FM proteins are not trafficked by
distinct subsets of intracellular vesicles, therefore the fact that isolated vesicles
labelled with both tagged FM and cell body membrane proteins are not observed
argues to some extent against this possibility. Despite these caveats, these data
support the hypothesis that the FM is a source of EVs and that FM shedding increases

during differentiation.

3.3.6. Analysing a heterogeneous population of EVs and contaminants
We show that EVs isolated from L. mexicana-conditioned medium range in size from

~30-300 nm (Figure 3.17). This size range leaves open the possibility that both
exosomes (~40-100 nm) and microvesicles (~50-1000 nm) are present. Negative
staining EM relies on the adsorption of objects in suspension to grids which is likely to
vary depending on object size and charge, therefore we cannot be sure that the
distribution of size ranges observed by this technique reflect the true distribution. By
negative staining EM, the most abundant EVs are in the <40 nm size range (Figure
3.17) therefore they would not be classified as EVs according to most published
sources (Reviewed in (Raposo and Stoorvogel, 2013)). EVs as small as 20 nm have also
been observed in other studies (Huebner et al., 2015, Akers et al., 2016) but the
functional importance of these smaller vesicles is unknown. Indeed, whether or not

they are true membrane-bound vesicles is hard to tell from negative staining EM
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images, it is possible they are non-vesicle aggregates. Vesicles with ~150 nm
diameters were observed by cryo-EM and confirmed to be bona fide vesicles
surrounded by a lipid bilayer (Figure 3.18); <40 nm diameter vesicles were not visible
by cryo-EM in our hands therefore we were unable to confirm whether they are true
vesicles. A major limitation of this study is that these smaller ‘vesicles’ are below the
detection limit of our nanoparticle tracking analyses (Figure 3.22A), therefore we do
not know whether they are produced at higher levels during differentiation like the

larger EVs.

We observe filamentous protein contamination in crude isolated EV samples (Figures
3.16 and 3.17), confirming that these samples are impure and therefore any effects
observed in experiments using these samples may be due to non-vesicle-associated
material rather than EVs themselves. Based on the facts that SAP is known to be a
secreted filamentous protein in L. mexicana which looks very similar by negative
staining EM in published data to our observations (Stierhof et al., 1998, llg et al., 1991)
and that SAP is the top hit in MS analysis of our EV samples (Table 4.2, Chapter 4), it
is likely that SAP is the contaminating filamentous protein. Further purification of EVs
using density gradient separation goes some way to addressing this problem and we
successfully enrich for EVs in two of the less dense fractions (Figure 3.19A); these
results are similar to those in previously published EV density gradient analyses
(Cvjetkovic et al., 2016). Our result that particle yield is higher using differential
centrifugation followed by density gradient separation compared to differential
centrifugation alone (Section 3.2.5) is unexpected, since the former method includes

more wash steps which are likely to reduce yield. The most likely explanation for this
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result is that particle concentrations of Optiprep fractions excluding 2 and 3 were
below the optimal minimum concentration, which increases the standard deviation
and therefore the error of these measurements (Malvern, 2015, Liu and Zhang, 2012)
(it was not possible to increase the concentrations of these fractions due to the
Nanosight requirement for a large sample volume of 1 ml). While these density
gradient separated fractions are undoubtedly purer than EVs isolated by differential
centrifugation alone, no clear segregation based on EV size is observed and the non-
vesicle-associated material content of each fraction is unknown, meaning that more
analysis would have to be done to be confident that any effects induced by these
fractions are not due to non-vesicle contamination. These analyses could involve
comparing the effects of EVs which have been either treated or untreated with

membrane impermeable proteases.

3.3.7. Conclusions and outlook
To conclude, we show that in L. mexicana, EVs are released from FM blebs and

nanotubes (Figure 3.8) and that this process is likely to play a role in shortening of the
flagellar membrane during promastigote to amastigote differentiation. Both FM
elaborations (Figure 3.2) and EV release increase significantly during differentiation
(Figure 3.22). Whether EV release is the only mechanism contributing to FM
shortening cannot be answered from this study. Our data suggest that the flagellum
is the major source of EVs in L. mexicana (Figure 3.21), but more experiments which
take into account all EV sub-populations are needed to show this conclusively. The
mechanisms governing FM bleb and nanotube formation and EV release are a
potentially very interesting area of future study, being poorly understood in all other

model organisms as well as Leishmania spp., and systematic KO screens could address
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this. The KO cell lines already generated here would be useful in such studies (Figure

3.13).

KO cell lines of candidate EV biogenesis proteins and proteins involved in flagellar
length control were generated (Figure 3.13), including an actin null mutant which we
believe may be the first in any species. None of these proteins appear to be essential
for FM nanotube formation (Figure 3.14) or flagellar shortening, but the ability of
these cell lines to release EVs remains an interesting open question. We were unable
to KO any ESCRT or excocyst proteins, which could highlight their importance in L.
mexicana cell function. We show that SMP1 is mislocalised in Arl3A KO cells (Figure
3.14), suggesting that L. mexicana Arl3A may be involved in a conserved mechanism

of myristoylated FM protein targeting which has been described in mammalian cells.
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4. Biochemical and molecular characterisation of L. mexicana EVs

4.1. Introduction

4.1.1. Protein cargo of Leishmania EVs
Studies of EV composition have mostly focussed on protein and RNA content with a

small number of lipidomic studies (proteomic and lipidomic research is reviewed in
(Kreimer et al., 2015); RNA studies reviewed in (Lefebvre and Lecuyer, 2017)). This
study has focussed mainly on EV protein composition. The EV proteomes of diverse
species, cell types and bodily fluids have been studied: from porcine mesenchymal
stem/stromal cells (Eirin et al., 2016), bovine milk (Samuel et al., 2017a), human
plasma and urine (Welton et al., 2016), human colorectal cancer cells (Choi et al.,
2012) to C. reinhardtii (Long et al., 2016). Proteins commonly identified as EV cargo
include ESCRT-related proteins such as Alix and Tsg101, tetraspanins including CD9,
CD63 and CD81, lipid raft associated proteins such as flotillin, and HSPs (Kowal et al.,
2016, Raposo and Stoorvogel, 2013). In addition to these common markers, the
composition of EVs has been found to reflect that of the cells of origin (Corbetta et
al., 2015, Minciacchi et al., 2017). Therefore, the proteomic study of EVs in biofluids
has been intensive due to the potential benefits of finding biomarkers for disease

(reviewed in (Yokoi et al., 2015)).

Several proteomic MS studies have been carried out on Leishmania EVs: EVs isolated
from stationary phase L. donovani promastigotes (Silverman et al., 2010a, Silverman
et al., 2010b), WT and GP63 KO L. major promastigotes (Hassani et al., 2014) and EVs
secreted by L. major and L. infantum within the sand fly midgut (Atayde et al., 2015).

Furthermore, entire Leishmania exoproteomes have been analysed (containing all
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secreted proteins including EV-associated proteins): from L. donovani stationary
phase promastigotes (Silverman et al., 2008), L. braziliensis promastigotes (Cuervo et
al.,, 2009), and L. mexicana promastigotes under temperature-shock conditions
(Hassani et al., 2011). There is considerable overlap between exoproteomes and EV
proteomes: one study found that 52% of 358 proteins identified in an L. donovani
exoproteome (Silverman et al., 2008) were also found in an L. donovani EV proteome
containing 329 proteins (Silverman et al., 2010a). There is likely to be considerably
more sample loss in the preparation of EVs compared to supernatants for
exoproteome analysis, which may result in the identification of fewer proteins;
supernatants are prepared by removing whole cells by relatively low-speed
centrifugation (Hassani et al., 2011, Cuervo et al., 2009, Silverman et al., 2008), while
the majority of EV studies prepare samples using either ultracentrifugation (Silverman
et al., 2010a, Hassani et al., 2014, Atayde et al., 2015) or ultrafiltration (Silverman et

al., 2010b) followed by sucrose density gradient separation.

The protein banding patterns of Leishmania EVs were found to be less complex and
distinct from those of whole cells (Silverman et al., 2010a), supporting the idea that
there is enrichment of specific proteins within EVs and that isolated EVs are not simply
whole cell debris. The total number of proteins identified by MS in Leishmania EV
proteomes ranges from 61 in a study on L. major EVs isolated from sand fly midguts
(Atayde et al., 2015) to 424 proteins identified in EVs isolated from 7 day L. major-
conditioned medium (Hassani et al., 2014). This compares to 3999 proteins identified
in a recent proteomic analysis of whole L. donovani cells (Nirujogi et al., 2014),

showing the relative lack of protein complexity in EVs. The comparison of whole cell
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and EV proteomes to find EV-specific proteins may yield promising candidate EV

markers in the future.

Proteins commonly identified in in vitro Leishmania EV and exoproteome studies
include SAP, EF-1a, enolase, HSPs, surface antigens, GP63, histones, calpain-like
cysteine peptidases, P-type ATPases, tubulin, and proteasomal and ribosomal
proteins (Atayde et al., 2015, Silverman et al., 2010a, Silverman et al., 2010b, Hassani
et al., 2014, Cuervo et al., 2009, Hassani et al., 2011, Silverman et al., 2008). Similar
proteins were identified in Leishmania EVs isolated from sand fly midguts and inocula
(Atayde et al., 2015) to those isolated from promastigotes in vitro (Silverman et al.,
2010a), suggesting that results from in vitro isolated EVs may be applicable to the in
vivo situation. Among these proteins, SAP is a known secreted, non EV-associated,
filamentous protein (Stierhof et al., 1998) and enolase is a known secreted protein in
Leishmania spp. (reviewed in (Avilan et al., 2011)). EF-1a (Momen-Heravi et al., 2013)
and HSPs, particularly HSP70 and HSP90 (Faught et al., 2017, Vega et al., 2008,
Yoshioka et al., 2013), are known EV-associated proteins across diverse mammalian
cell types which are often used as EV markers. In addition, secreted EF-1a is likely to
be a Leishmania virulence factor (see Introduction) (Nandan et al., 2002). In the EV
field, the search is ongoing for better EV markers since current ones, such as EF-1a
and HSPs, are also abundant in whole cells and therefore their presence in EVs does
not exclude the possibility of whole cell contamination. Ideally, good EV markers
would also distinguish between exosomes and microvesicles. Some mammalian EV
markers such as tetraspanins CD63, CD9 and CD81 (Kowal et al., 2016), seem to be

significantly enriched in EVs, particularly exosomes, compared to whole cells, but
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these proteins are not present in L. mexicana which encodes only 1 tetraspanin

(LmxM.32.0170) with no significant homology to any mammalian tetraspanins.

Currently there are no good negative control proteins which are known to be absent
in EVs. Histones, proteasomal and ribosomal proteins localise to large complexes
present in the nucleus, cytosol/nucleus and cytosol respectively which would not be
expected to be secreted, yet they are commonly identified in Leishmania EV
proteomes (Atayde et al., 2015, Silverman et al.,, 2010a, Silverman et al., 2010b,
Hassani et al., 2014). They are all abundant proteins in whole cells which may mean
that even low level whole cell lysis could lead to contamination of EV samples, but it
is also possible that these housekeeping proteins have novel functions outside the
cell, as has been described for Leishmania EF-1a in host macrophages (Nandan et al.,
2002); indeed, one study has shown the release of a specific histone H1 variant,
thought to be involved in tumorigenesis, in EVs specifically from mammalian
oligodendroglioma cells but not astrocytes (Schiera et al., 2013). One way of
confirming that a protein of interest is contained within vesicles rather than being a
non-vesicle-associated contaminant is to show by WB that it is not degraded in EV
samples by a protease such as trypsin. This approach was used on Leishmania EVs to
confirm that HSP70, HSP90 and EF-1a were present inside vesicles (Silverman et al.,
2010a). However, this approach is only useful for non-transmembrane proteins and

proteins not associated with the outer vesicle membrane.

4.1.2. Effect of culture conditions on protein secretion
Total promastigote L. mexicana secreted protein was shown to increase after 4 h at

37°C compared to 25°C and WBs showed that the secretion of EV-associated proteins

GP63 and HSP70, but not control glycosomal protein (Hypoxanthine
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phosphoribosyltransferase 1, HGPRT), increased (Hassani et al., 2011). Similarly in L.
donovani, the presence of HSP70, HSP90 and alpha and beta tubulin in isolated EVs
increased after 24 h at 37°C compared to 26°C, as measured by MS (Silverman et al.,
2010a). This result was interpreted to mean that the number of EVs released also
increased at 37°C since equal loading of HSPs and tubulin in EVs was assumed. The
same study also compared EV protein content by MS after 24 h at pH 7 or 5.5 and
found some proteins including HSP10 which were enriched at pH 5.5, but no changes
in HSP70, HSP90 or alpha and beta tubulin (Silverman et al., 2010a); therefore it was
concluded that a drop in pH did not change the level of EV release but may modulate
EV cargo. However, conclusions about the level of EV release under these different
conditions cannot be drawn with certainty since they were inferred from the levels of

HSPs and tubulin rather than quantified directly.

4.1.3. Aims
Several proteomic studies of Leishmania EVs from promastigotes or differentiating

promastigotes have been published, but a detailed comparison of the EV proteomes
of these two life cycle stages has not yet been performed (Atayde et al.,, 2015,
Silverman et al., 2010a, Silverman et al.,, 2010b, Hassani et al., 2014). We aim to
address this open question in a novel MS approach by comparing EVs from PRO and
DIF cells and selecting DIF-enriched proteins for further analysis, since we hypothesise
that proteins released during flagellar shortening and virulence factors important for
the early stages of infection could be enriched in this sample. Once identified, DIF-
enriched proteins will be investigated further through a large-scale fluorescent
tagging screen. These studies will help to determine the subcellular sources of

Leishmania EVs, which are currently unknown, and whether the flagellum could be an
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important source of EVs (as suggested by our existing data discussed in Chapter 3). To
further address this question we will use Western blotting to confirm the presence or
absence of a subset of proteins with known cellular localisations in our EV samples.
Another reason for wide-scale fluorescent tagging of candidate EV proteins is to find
a transmembrane protein with an exclusive FM localisation which is also present in
isolated EVs to use as bait for an FM-derived EV pull-down. This would allow us to
qguantify the proportion of flagellar-derived EVs and to carry out MS analysis of EV

subsets.
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4.2. Results

4.2.1. Cell body and flagellar markers are detected in whole cell and EV samples

To investigate the composition of L. mexicana EVs, PRO whole cell and EV lysates were
probed by WBs for a range of proteins as well as the glycoconjugates LPG, SAP and
proteophosphoglycans (PPGs) (Figure 4.1A-G), which all have known subcellular
localisations. For a subset of proteins, DIF whole cell and EV lysates were also probed
(Figure 4.1D-G). Alpha tubulin and binding immunoglobulin protein (BiP) are
abundant proteins which localise to the cortical cytoskeleton and flagellar axoneme
(Gull, 1999) or ER (Bangs et al., 1993) respectively; both proteins were present in PRO
EV as well as PRO WCL samples (Figure 4.1A, B). Paraflagellar rod (PFR)-1, which
localises to the flagellar extra-axonemal PFR structure (Santrich et al., 1997), was
detected as expected in the PRO WCL sample, but not the PRO EV sample (Figure
4.1C). GT2 and SMP1 are surface membrane proteins localised to the cell body
(Rodriguez-Contreras et al.,, 2015) and flagellum (Tull et al., 2010) respectively;
fluorescently tagged copies of both proteins were detectable in PRO and DIF WCL
samples from Clone 3 (see Figure 3.1) cells, as expected, as well as in PRO EV samples,
but only SMP1 was detectable in the DIF EV sample (Figure 4.1D, E). Histone H3, a
nuclear-localised protein (Postberg et al., 2010), was detectable in PRO and DIF WCL
but not PRO or DIF EV samples (Figure 4.1F). Antibody LT22 detects L. mexicana linear
phosphoglycan repeats which are present in the glycoconjugate LPG (see Figure 5.1)
as well as the glycosylated proteins PPGs and SAPs (llg et al., 1993, Stierhof et al.,
1999); these phosphoglycan repeat-containing structures are predominantly cell

surface-localised (llg, 2000). LPG-positive bands were detected in PRO and DIF WCL
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samples between ~35-50 kDa and in PRO and DIF EV samples between ~30-40 kDa;
high molecular weight bands corresponding to PPGs and SAPs (llg et al., 1993) were
also present in all samples and the bands were stronger in the EV samples (Figure
4.1G).

These WBs show that both the cell body membrane marker GT2 and the FM marker
SMP1 are present in EV samples, in addition to the ER marker BiP and the cytoskeletal
protein alpha tubulin. Absence of the abundant flagellar axonemal protein PFR2 and
nuclear histone H3 suggests there is selective loading of cargo into EVs, and that the

EV samples are not significantly contaminated with whole cells.
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Figure 4.1. Western blotting of L. mexicana whole cells and EVs for a range of proteins and

glycoconjugates. WCLs or EV lysates were made from PRO or DIF Clone 3 cells,

electrophoresed on a SDS-PAGE gel, transferred to nitrocellulose membranes and probed for
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A) alpha tubulin B) BiP C) PFR1 D) GT2::eGFP:TY E) SMP1::mCh F) histone H3 or G) LPG, PPGs
and SAPs. The expected size range of LPG is indicated on the blot and the higher molecular
weight bands correspond to PPGs and SAPs. 4.10° cell equivalents of WCL and 2.10° of EV
lysate were loaded per lane. Many non-specific bands are present and obscure the expected
specific band in the anti -alpha tubulin and -BiP PRO WCL samples although the shortest
possible membrane exposure time was used. The expected sizes of the proteins and all
blotting conditions are shown in Table 2.2 in Materials and Methods and are indicated by

asterisks (*). Numbers to the left of the panels indicate molecular weights in kDa.

4.2.2. Protein mass spectrometry of EVs identifies known virulence factors, known EV-
associated proteins and unannotated proteins

WBs give us a valuable but very limited view of EV composition and our aim was to
use MS to probe the proteomic composition of EVs more fully. First, the overall
proteomic complexity of PRO and DIF WCL and EV samples was compared using Sypro
Ruby staining to reveal protein banding patterns (Figure 4.2). As expected, the WCL
samples displayed complex banding patterns with proteins of all sizes present from
25-250 kDa and strong bands present at ~50 kDa (corresponding to alpha and beta
tubulin), with no obvious differences between the PRO and DIF samples. The PRO and
DIF EV samples displayed 7 visible bands in common and the DIF sample displayed 1
additional band at ~60 kDa; no distinct bands were visible with molecular weights
below 40 kDa. Given that GP63 (LmxM.10.0470) was found to be more abundant in
DIF than PRO EV samples by MS analysis (Table 4.2) and that its molecular weight is
63.7 kDa, it is possible that this is the identity of the additional band. Three of the
strongest bands in both samples were identified by MS as SAP, HSP70 and beta tubulin
(Figure 4.2). Given that SAP is a known secreted filamentous protein (Stierhof et al.,
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1998) and HPS70 and tubulin are commonly detected in Leishmania EVs (Silverman et
al., 2010b), this data confirms our EM studies of EV samples which show that secreted

proteins and EVs are present in EV samples (Figure 3.16 and Figure 3.17).

In preparation for MS sample analysis, the protein concentrations of PRO and DIF EV
samples were measured by Bradford assay (Figure 4.3) and the mean masses of
protein per 10° cell equivalents of EV sample were 2.25 pg and 0.59 pg respectively
(Figure 4.4). 3 PRO and 3 DIF EV samples with total protein contents between 1.5-20
ug (Table 4.1) were submitted to in-gel tryptic digest followed by label-free MS (see

Materials and Methods).

In total, 901 proteins were identified in PRO EV samples and 978 in DIF EV samples
with 605 in common (Figure 4.5A). Lists of all proteins identified in all samples by a
MS/MS ion search using Mascot software against a recently re-annotated L. mexicana
genome (Fiebig et al., 2015) are given in Appendix 1. GO term enrichment analysis of
proteins present in every PRO repeat and every DIF repeat are given in Appendix 2.
There was significant variation between the triplicate samples with only 144 of 901
proteins found in every PRO EV triplicate sample (Figure 4.5B, C) and 238 of 978
proteins found in every DIF EV triplicate sample (Figure 4.5B, D). A quality control cut-
off Mascot score of >60 was applied to aid the selection of candidate EV proteins for
further study (Figure 4.5E-I). Of the 56 proteins present in every PRO EV triplicate
sample (Figure 4.5G) and the 127 in every DIF EV triplicate sample (Figure 4.5H), 37
were in common, 19 were unique to PRO EV samples and 90 were unique to DIF EV
samples (Figure 4.5F); this latter group of 90 proteins were consistently present in DIF
but not PRO EV samples. Since we were interested in identifying proteins enriched in

EVs during differentiation and flagellar shortening, these 90 proteins were used as the
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list from which the majority of candidate EV proteins of interest for fluorescent
tagging were selected (‘Enriched in DIF (by manual comparison)’ dataset, Table 4.5).
We compared our EV MS data to a published L. major exosome proteome containing
a total of 321 proteins (Silverman et al., 2010b). 205 of these proteins were also
identified in at least one of our EV samples and the remaining 116 proteins were found
only in the L. major exosome proteome (Figure 4.51). Lists of the 127 proteins found
in all DIF EV triplicate samples, the 56 proteins in all PRO triplicate samples, and the

37 proteins in all six samples are shown in Appendix 3.

Many proteins commonly found in previously published Leishmania EV proteomes
(Atayde et al., 2015, Silverman et al., 2010a, Silverman et al., 2010b, Hassani et al.,
2014) and exoproteomes (Cuervo et al., 2009, Hassani et al., 2011, Silverman et al.,
2008) were identified, including HSPs, GP63, EF-1a, surface antigens, calpain-like
cysteine peptidases, enolase, P-type ATPases, histones, and ribosomal and
proteasomal proteins. Of these, all were found in all six EV samples suggesting they
are consistent and abundant EV sample-associated proteins, except histones, surface
antigens and proteasomal proteins which were found in all DIF EV triplicate samples

(Appendix 3).
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Figure 4.2. Protein banding patterns of representative EV samples submitted for MS. WCLs
(4.10° cell equivalents per sample) and isolated EV (2.10° cell equivalents per sample) lysates
from PRO and DIF Clone 3 cells were run on a 10% SDS-PAGE gel and stained with Sypro Ruby.
Bands 1, 2 and 3 were submitted for label free MS and identified: 1) histidine secretory acid
phosphatase (SAP, LmxM.36.6480) 2) heat shock protein 70 (hsp70, LmxM.28.2770) 3) beta

tubulin (LmxM.08.1230). Numbers to the left of the panels indicate molecular weights in kDa.
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Figure 4.3. BSA standard curve used for Bradford assay protein concentration measurements. A
representative standard curve of BSA concentrations ranging from 3.9 to 500 pg/ml used to
interpolate protein concentrations of EV samples. The absorbance was measured by

spectrophotometer at 590 nm.
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Figure 4.4. Protein content of EV samples submitted for MS is higher in PRO versus DIF samples.
PRO and DIF EV samples from Clone 3 cells were resuspended in PBS and their protein content
was measured by Bradford assay. Repeat 2 of the PRO EV samples was not measured. The
error bars are + SEM. The asterisk shows significant difference as tested by unpaired t-test

with a p value of less than 0.05.
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Protein content of sample (ug)
Repeat 1 | Repeat 2 Repeat 3

Table 4.1. Submission of EV samples for MS. The total protein content of biological triplicates
of PRO and DIF EV samples from Clone 3 cells was calculated from Bradford assay
measurements (the interpolated values were within the protein concentration range of the

standard curve shown in Fig. 4.3). The 6 samples were submitted for label-free MS.

A) B)
901 978 144 238
C) Repeat 1 D) Repeat 1 Repeat 2
770
421 A 783
E @ : 88
300 318
510
Repeat 3
Repeat 2 Repeat 3
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Figure 4.5. Summary of MS data from PRO and DIF EV samples. Unfiltered data (A-D) or data
with a quality control cut-off of a Mascot score (the higher this score the less likely that this
protein was identified by chance) of >60 (E-1) is shown. PRO data is shown in turquoise, DIF in
purple and data from a published L. major exosome proteome in black (Silverman et al.,,

2010b). A and E) Turquoise circle: proteins detected in at least one PRO repeat (901 and 534);
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purple circle: proteins detected in at least one DIF repeat (978 and 570). B and F) Turquoise
circle: proteins detected in all three PRO repeats (144 and 56); purple circle: proteins detected
in all three DIF repeats (238 and 127). C, D, G and H) these diagrams show the overlaps
between the three biological repeats for the PRO (C and G) and DIF (D and H) repeats. I)
Turquoise and purple circles: same as for E; black circle: L. major exosome proteome proteins

(321).

The top ten PRO and DIF EV proteins by Mascot score ranking were identified; neither
list contained abundant tubulin or ribosomal proteins which are common MS
contaminants. This is surprising given that one of the prominent Sypro Ruby-stained
protein bands in the EV samples was identified as beta tubulin (Figure 4.2). Six
proteins were found in both lists, including SAP which was the top protein in both
cases and known Leishmania EV-associated protein and virulence factor EF1-q,
(Silverman et al., 2010a) (Nandan et al., 2002) (Table 4.2). HSPs 70 and 83-1 were also
found in both lists (Table 4.2), which supports the identification of HSP70 as one of
the prominent Sypro Ruby-stained protein bands in the EV samples (Figure 4.2). Four
hypothetical or unspecified proteins were among the top ten PRO EV proteins and
one was present among the top ten DIF EV proteins (Table 4.2). Three proteins of
interest were present in the top ten DIF EV proteins but not the PRO: known virulence
factor GP63 (Contreras et al., 2010, Gomez et al., 2009, Halle et al., 2009) and two
similar (by protein sequence) but non-identical surface antigen-like proteins which
have unknown functions (Table 4.2). GP63 was present in all PRO and DIF EV samples
but ranked 17t by Mascot score in PRO EV samples compared to 3™ in the DIF. The
two surface antigen-like proteins were only present in one PRO triplicate sample

(Appendix 1).

200



LmxM.36.6480
LmxM.30.0440
LmxM.17.0080
LmxM.27.0500
LmxM.32.0312
LmxM.18.1520
LmxM.30.0680
LmxM.08.1171

PRO top 10 proteins
TriTrypDB accession

Protein description

histidine secretory acid phosphatase
unspecified product

elongation factor 1-a

calpain-like cysteine peptidase

hsp 83-1

P-type H+-ATPase

hypothetical protein

unspecified product

LmxM.08 29.0110 hypothetical protein
LmxM.28.2770 hsp70
DIF top 10 proteins

TriTrypDB accession Protein description

LmxM.36.6480
LmxM.18.1520
LmxM.10.0470
LmxM.32.0312
LmxM.30.0440
LmxM.28.2770
LmxM.04.0190
LmxM.04.0180
LmxM.36.0180
LmxM.17.0080

histidine secretory acid phosphatase
P-type H+-ATPase

GP63, leishmanolysin

hsp 83-1

unspecified product

hsp70

surface antigen-like protein

surface antigen-like protein
elongation factor 2

elongation factor 1-a

Table 4.2. The top proteins from EV MS analyses. Table showing the ‘top 10’ proteins present
in all PRO (turquoise) or all DIF (purple) repeats ordered by rank. The top proteins were
defined by their average ranking across the 3 repeats by highest to lowest Mascot scores.
High Mascot scores indicate low probability that the identification was made due to chance
(MatrixScience); therefore, the proteins with the highest Mascot scores are likely to be

abundant.
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In conclusion, 1274 proteins were identified in total in PRO and DIF EV samples.
Among the most consistent and abundant proteins identified were proteins
commonly found in Leishmania EV proteomes, including GP63, EF-1a and cysteine
peptidases. A group of 90 proteins of interest were identified which are present in all
DIF EV triplicate samples but not all PRO samples, to be further investigated for their

potential flagellar association and importance for the establishment of infection.

4.2.3. Analysis of mass spectrometry data and selection of proteins to fluorescently tag
We wanted to check whether our PRO and DIF EV proteome data could inform us

about the likely subcellular origin of the EVs by comparing our data to existing
proteomic analysis of L. mexicana cell fractions (Gluenz lab, unpublished data /
Beneke et al., manuscript in preparation). For this existing dataset, the proteomes of
isolated promastigote L. mexicana cell bodies and flagella were analysed and the
relative enrichment of each protein in the cell body versus flagellar fractions were
calculated and displayed on a scatter plot. PRO (Figure 4.6A) and DIF (Figure 4.6B) EV
proteins which were also detected in this existing dataset of ~2500 proteins were
overlaid onto the scatter plots showing cell body versus flagellar enrichment. Many
PRO and DIF EV proteins were present in both the flagellar- and cell body- enriched
fractions with no obvious over-representation in either fraction (Figure 4.6A, B),
suggesting that the EVs are likely to be of both flagellar and cell body origin.
Surprisingly, only 73% of PRO and 58% of DIF EV proteins were present in the whole
promastigote dataset (Table 4.3). The proportion of flagellar-enriched proteins was
not significantly different from the expected value in either the PRO or DIF EV datasets

(Table 4.3).
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Figure 4.6. Comparison of EV MS data with existing subcellular compartment enrichment data.
Previous MS analysis (Gluenz lab, unpublished data / Beneke et al., manuscript in preparation)
identified ~2500 proteins in cell fractions of L. mexicana promastigotes (isolated flagella and
cell bodies, each separated into detergent soluble and insoluble pools). Label-free
quantification (SINQ, (Trudgian et al., 2011)) was used to determine relative enrichment in
flagellar vs. cell body and soluble vs. insoluble fractions (plotted in grey in A and B). This list

was used to search for protein ID matches in PRO and DIF datasets with a threshold Mascot
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score of >50 (these are defined as good protein identifications; a slightly lower threshold was
used than for previous figures in order to include more proteins). A) Turquoise dots: proteins
also found in the PRO EV dataset; B) purple dots: proteins also found in the DIF EV dataset.
Data is shown from one randomly selected biological repeat of PRO (repeat 1) and DIF (repeat

3) EV samples.

Proportion of proteins | Proportion of proteins present
present in whole in whole promastigote dataset
promastigote dataset (%) | that are flagellar-enriched (%)
PRO repeat 1

DIF repeat 3

Table 4.3. Comparison of EV MS data with whole promastigote data. Table showing the
proportion of proteins from the EV datasets which were present in the whole promastigote
dataset (described in Fig. 4.6), and the proportion of those proteins which were more than 4-
fold enriched in the flagellar fraction in the whole promastigote dataset. The proportion of
proteins in the whole promastigote dataset which were more than 4-fold enriched in the
flagellar fraction was 15%; the proportions of flagellar-enriched proteins in the PRO (13%) and
DIF (14%) EV datasets were not statistically significantly different from this expected

proportion by Chi-square test.

We then carried out an analysis of the PRO and DIF EV MS datasets of PRO versus DIF
enrichment using Proteome Discoverer software (Figure 4.7); proteins which were
significantly enriched in either sample formed a list from which candidate EV proteins
were selected for fluorescent tagging with a preference for DIF-enriched proteins
(Table 4.4, ‘Enriched in PRO/DIF (Proteome Discoverer)’ dataset Table 4.5). A final list

of 43 candidate EV proteins were selected based on the following criteria: absence in
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the whole promastigote dataset, suggesting that the bulk of these proteins might be
secreted; absence in all PRO replicates, suggesting these proteins are DIF EV-specific;
highly abundant proteins as determined by Mascot score, including beta-
fructofuranosidase and a P-type ATPase which have been previously identified in
Leishmania EV proteomes (Atayde et al., 2015), since it would be valuable to learn
more about these proteins; enrichment in DIF EV samples since these proteins may
be involved in macrophage infection, differentiation and/or flagellar shortening; one
protein, an ATP-dependent RNA helicase which has been previously identified in an L.
major EV proteome (Atayde et al., 2015), which was the most significantly PRO EV-
enriched protein was selected; flagellar enrichment, since we are interested in the
release of flagellar EVs during differentiation; known components of vesicle secretion
pathways since these could be useful controls and it would be valuable to know their
localisation in L. mexicana (Table 4.5). In addition, preference was given to
transmembrane proteins since these could be EV membrane components, and
unannotated proteins with unknown functions. Likely contaminating proteins such as
ribosomal components were excluded. Additional information about the selected

proteins is shown in Appendix 4.
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Figure 4.7. Protein enrichment analysis of PRO versus DIF EV MS data. Proteins from the
triplicate unfiltered data of PRO and DIF EV samples were analysed by Proteome Discover
software (David M. Horn et al.) to measure the enrichment of each protein (indicated by a
square) in either sample. Proteins above 2 on the y axis have a t-test p value of less than 0.05
therefore proteins above this cut-off are considered to be significantly enriched in either the

PRO or DIF samples. Significantly enriched proteins which were selected for fluorescent

tagging based on this analysis are indicated with filled coloured boxes.
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TriTrypDB accession |Description

LmxM.34.1590 hypothetical protein, conserved
LmxM.14.0190 hypothetical protein, conserved
LmxM.19.0570 hypothetical protein, conserved
LmxM.21.1700 proteasome alpha 2 subunit, putative
LmxM.23.0200 endoribonuclease L-PSP (pb5), putative
LmxM.25.1580 casein kinase |, putative
LmxM.32.2300 udp-glc 4'-epimerase, putative
LmxM.34.3100 ATP-dependent RNA helicase, putative

Table 4.4. Subset of proteins selected for fluorescent tagging based on enrichment in PRO or DIF
EV MS datasets. Table showing the identities of proteins selected for fluorescent tagging based
on significant enrichment in PRO or DIF EV samples as described in Fig. 4.7. The coloured

squares on the graph in Fig. 4.7 correspond to the colours next to each protein in this table.
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TriTrypDB accession in TriTrypDB for fluorescent tagging

LimxM.30.1445 hypothetical protein

LmxM.20.1270 hypothetical protein

txﬂi:;‘gz :m:z:z: g::;:ed transmembrane protein Absence in whole promastigote lysates (TB's datset)
LmuM.30.0960 |unspecified product

LmxM.34.0040 phosphatidylinositol-specific phospholip like protein

LmxM.10.0630 flagellar ghycoprotein-like protein Absent in PRO

LmxM.04.0310 beta-fructofuranosidase, putative

LmxM.34.2080 calcium motive p-type ATPase, putative Abundant inall replicates

LM, 30.0440 unspecified product

LmuxM.36.5620 isoleucyl-tR NA synthetase, putative

LmxM.06.0030 hypothetical protein, conserved

LmxM.10.0290 isocitrate dehydrogenase [NADP], mitochondrial precursor, putative

LmxM.10.0380 |unspecified product

LmxM.11.0630 aminopeptida se, putative, metallo-peptidase, Clan MF, Family M17

LM, 16.1005 hypothetical protein, unknown function

LmxM.18.1510 P-type H+-ATPase, putative

LmxM.20.1280 calpain-like cysteine peptidase, putative, cal pain-like cysteine peptidase, Clan CA, family C2

LmxM.22.0010 h\rpf:thehcal protein, conserved Enriched in DIF (by manual comparison)
LmxM.24.0761 malic enzyme

LmxM.25.0910 cyclophilin type peptidyl-prolyl cis-trans isomerase, cyclophilin a, putative (CYPA)

LmxM.26.1570 thimet oligopeptidase, putative, metallo-peptidase, Clan MA(E), Family M3

LmxM.27.0190 proteasome alpha 7 subunit, putative

LmxM.30.0010 5-methyttetrahydropteroyltrigh homocyst ei hyltransferase, putative

LmxM.30.2790 ADP-ribosylation factor, putative

LmxM.34.1590 hypothetical protein, conserved

LmxM.36.2020 «chaperonin HSP60, mitochondrial precursor

LmxM.36.3910 S-ader ycysteine hydrolase

LmxM.14.0190 hypothetical protein, conserved

LmxM.23.0200 doriboruclease L-PSP (pb5), p

LmxM.25.1580 caseinkinase |, putative Enriched in DIF (Proteome Discoverer)
LrmxM.32.2300 udp-ghe 4'-epimerase, putative

LmxM.21.1700 proteasome alpha 2 subunit, putative

LmxM.19.0570 hypothetical protein, conserved Enriched in DIF (Proteome Discoverer) and absence in TB's dataset
LmxM.27.1640 hypothetical protein, conserved Enriched in DIF, known vesicle-assodated protein in calls
LmxM.34.3100 ATP-dependent RNA helicase, putative Enriched in PRO (Proteome Discoverer)
LmxM.23.1490 hypothetical protein, unknown function Flagellar-enriched

LmxM.17.0080 |elongation factor 1-alpha Known secreted protein, abundant inall replicates
LmxM.36.6480 histidine secretory acid phosphatase, putative Most abundant protein, marker for free protein contamination
LmxM.10.0470 GP63, leishmanolysin Trar version of GP63

LmxM.04.1230 actin Vesicle secretion pathway

LmxM.32.0170 hypothetical protein, conserved Vesicle secretion pathway

LmxM.09.0891 polyubiquitin, putative Vesicle secretion pathway, enriched in DIF

Table 4.5. Proteins selected for fluorescent tagging based on PRO and DIF EV MS analysis. Table

showing the accession numbers and descriptions of the 43 where fluorescent tagging was

attempted and the reason they were chosen.

4.2.4. Most fluorescently tagged candidate EV-associated proteins do not have a distinct

localisation or strong fluorescent signal

We attempted to fluorescently tag 43 candidate EV proteins using either fusion PCR

(Dean et al., 2015) or Crispr-Cas9 (Beneke et al., 2017). 36 drug-resistant tagged cell

lines were successfully generated, although the presence of fusion proteins of the

correct size was not confirmed by Western blot. All cell lines were imaged by
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fluorescence microscopy to determine the subcellular localisations of the tagged
proteins (Figure 4.8A-1). Four proteins had a cell body membrane localisation (Figure
4.8A), 14 diffuse cytoplasmic localisation (Figure 4.8B) two cell body reticulated
(Figure 4.8C), and 11 had no detectable localisation (Figure 4.8D). The remaining
localisations were diverse: one nucleolar (Figure 4.8E), one cell body and flagellar neck
(Figure 4.8F), one distinct foci (Figure 4.8G), one endosomal (Figure 4.8H) and one FM
(Figure 4.81).

Fields of view displaying several cells were shown to illustrate the localisations of two
of the most interesting tagged proteins, LmxM.27.1640 (Figure 4.9A) and
LmxM.27.0190 (Figure 4.9B), in more detail. LmxM.27.1640 shares homology and the
same domain architecture with ESCRT-associated protein Programmed Cell Death 6-
Interacting protein (PDCD6IP), possessing an N-terminal Brol domain and C-terminal
ALIX V-shaped domain. PDCD6IP, also known as Alix, binds ESCRT proteins Tsg101 and
CHMP4 and is thought to help mediate cargo sorting and membrane budding and
abscission processes involved in ILV formation and viral release (Odorizzi, 2006).
These processes are also essential for EV release, and PDCD6IP has been described as
a common EV marker across several species (Gallart-Palau et al., 2015, Buck et al.,
2014, Willms et al., 2016) and in human breast cancer cells depletion of PDCD6IP by
RNAi led to a 50% reduction in EV production, suggesting a possible role in EV
biogenesis (Baietti et al., 2012). In addition, a syntenic homolog of LmxM.27.1640 was
also identified in a previously published L. donovani EV proteome (Silverman et al.,
2010a). Tagged LmxM.27.1640 localised to distinct foci which appeared to localise
within the cell body (although it is not possible to tell from these images whether the
foci were inside or outside the cell) and on the cell surface including the flagellum and
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the number of foci per cell varied (Figure 4.9A). LmxM.27.0190 is annotated as a
proteasome subunit (alpha 7) which has been previously identified in L. mexicana
(Hassani et al.,, 2011) and L. braziliensis exoproteomes (Cuervo et al., 2009). A
proteasomal protein would be expected to localise to the cytoplasm and nucleus but
not the flagellum (Brooks et al., 2000). Our images showed that tagged LmxM.27.0190
localised to the cell body and flagellum and colocalised with FM nanotubes which
were also visualised with SMP1::mCh; this colocalisation was present for all FM

nanotubes in the DIF sample and a subset in the PRO sample (Figure 4.9B).
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Figure 4.8. Fluorescent tagging of candidate EV-associated proteins shows that most have a weak
or no fluorescent signal. A fluorescent protein gene was inserted at the 3’ end of the
endogenous locus of genes encoding candidate EV-associated proteins from Table 4.5. 36 out
of 43 attempted proteins were successfully fluorescently tagged. Cells were stained with the
DNA dye Hoechst and imaged on a fluorescence microscope. The parental cell line was imaged
and processed using the same exposure times and contrast levels as each tagged cell line and
the eYFP/mNG panel is shown in every case. Phase contrast (phase), SMP1::mCh, eYFP/mNG
and merged eYFP/mNG, SMP1::mCh and Hoechst (Hoechst staining not present for every cell
line) panels are shown. Proteins were either tagged at the N terminus using Crispr-Cas9 with
mNG in the parental cell line Cas9 T7 SMP1::mCh (cell lines LmxM.17.0080::mNG and
LmxM.36.5620::mNG), or at the C terminus by fusion PCR with eYFP in the parental cell line
SMP1::mCh (all other cell lines). A-1) Fluorescent localisations were grouped as follows with
the number of cell lines in each group in brackets: A) Cell body membrane (4); B) Diffuse
cytoplasmic (14); C) Cell body reticulated structures, likely to be ER-localised or mitochondrial
(2); D) No fluorescent signal above parental control levels (11); E) Nucleolar (1); F) Cell body
and flagellar neck (1); G) Distinct foci (1); H) endosomal, likely to be multivesicular tubule-

localised (1) (Mullin et al., 2001); 1) FM (1). All scale bars are 10 um.
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Phase SMP1:mCh eYFP SMP1:mCh eYFP

Phase SMP1:mCh eYFP SMP1:mCh eYFP

PRO

4 h DIF

Figure 4.9. Further imaging of tagged EV candidate proteins LmxM.27.1640 and LmxM.27.0190.
The cell lines were stained with the DNA dye Hoechst and imaged on a fluorescence
microscope. Images show larger representative fields of view of two of the fluorescently
tagged cell lines shown in Fig. 4.8: A) PRO LmxM.27.1640 and B) PRO and 4 h DIF

LmxM.27.0190. Scale bars are 10 um.

The majority of tagged candidate EV proteins had a weak or no fluorescent signal in

whole L. mexicana cells, but this information cannot help us determine whether they
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are released outside the cell as EV cargo. Since we hypothesise that EVs are released
from L. mexicana during the early stages of host cell infection inside the PV, we
wanted to see whether accumulation of tagged protein could be observed inside RAW
macrophages infected for 2 h with our tagged cell lines. Unfortunately, imaging of
macrophages infected with the parental cell line showed high background in the green
channel (Figure 4.10), therefore it was impossible to distinguish signal from tagged

cell lines from background signal.

Figure 4.10. Imaging of SMP1::mCh-infected RAW macrophages shows high background
fluorescence in the eYFP channel. RAW macrophages were infected at an MOI of 10 with

stationary phase L. mexicana SMP1::mCh (the parental cell line used for EV candidate tagging)
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promastigotes. At 2 h post-infection the macrophages were washed and at 2 days they were

imaged on the fluorescence microscope. Scale bar 10 um.

Overall, the majority of tagged candidate EV-associated proteins had either a diffuse
cytoplasmic localisation or no detectable localisation. This makes it difficult to draw
conclusions about the likely subcellular origins of the isolated EVs which were
analysed to select these candidate proteins. This data does not directly support our
hypothesis that the flagellum is a major source of EVs, since only one flagellar protein
was identified using this approach. Given that the majority of tagged proteins were
identified as abundant hits in our MS analysis of EVs but do not appear to be abundant
in whole L. mexicana cells based on fluorescent tagging, it is possible that these

proteins have important functions outside the cell.

4.2.5. Fluorescent tagging of adenylyl cyclases as candidate targets for pull-down of

flagellar EVs

In trypanosomatids, adenylyl cyclases (ACs) are single transmembrane domain
proteins with a large predicted extracellular N-terminal domain which may play a role
in signal transduction (Makin and Gluenz, 2015). Interestingly, many of the
trypanosomatid ACs studied have been FM-localised (D'Angelo et al., 2002,
Paindavoine et al., 1992). Four ACs were identified in our MS analysis of PRO and DIF
EV samples; we decided to fluorescently tag these proteins to see whether they could
be useful transmembrane markers for flagellar EVs since we do not currently have a

suitable marker protein with epitopes on the outer leaflet of the FM (to facilitate pull-
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down experiments, for example). All the tagged ACs had a FM signal which colocalised
with FM marker SMP1::mCh (Figure 4.11). However, all the tagged ACs also had strong
fluorescent signal in the cell body (most likely in the endosomal system) (Figure 4.11)

and would not therefore be a specific candidate marker for flagellar EVs.
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Figure 4.11. Fluorescent tagging of adenylate cyclases. A mNG fluorescent protein gene was
inserted at the 3’ end of the endogenous locus of genes encoding adenylate cyclase proteins.
The 3’ ends of the genes and 3’ UTRs of LxmM.17.0191 and LmxM.17.0235 are
indistinguishable therefore both or one of the proteins may be tagged. The genomic
insertions were carried out using Crispr-Cas9. The parental cell line (Cas9 T7 SMP1::mCh)
expressed SMP1::mCh as a FM marker. The cell lines were stained with the DNA dye Hoechst
and imaged on a fluorescence microscope. Phase contrast (phase), SMP1::mCh, mNG and

merged Hoechst, SMP1::mCh and mNG panels are shown.

4.2.6. Generation of ALPG1 cell line

Having characterised the proteomic content of isolated EVs, we turned our attention
to non-protein factors which could be present in EVs. Since LPG is an abundant surface
glycoconjugate (see Section 5.1.1) which is likely to be included on vesicles budding
from surface membranes (indeed, we detected LPG in isolated EV samples (Figure
4.1G)) and it is a well-studied virulence factor with many known effects on
macrophages (llg, 2001, Lodge and Descoteaux, 2005), we decided to generate a
ALPG1 cell line by knocking out the synthetic enzyme LPG1 (llg, 2000) using Crispr-
Cas9 (Beneke et al., 2017). We also generated an AB cell line to show whether any
effects of the null mutant are specifically due to loss of LPG1. Loss (Figure 4.12A, B)
and regain (Figure 4.12B) of the LPG1 ORF and correct integration of drug resistance
genes (Figure 4.12C, D) was demonstrated by PCR and loss and regain of LPG itself
was shown by Western blot (Figure 4.12E). In both the ALPG1 and AB cell lines the
abundance of high molecular weight PPGs and/or SAPs was increased, as shown
previously (llg, 2000) (Figure 4.12E). ALPG1 clone F3 was used for all subsequent

experiments unless otherwise stated. ALPG1 cell lines reached slightly lower
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stationary phase cell densities (Figure 4.13A) and grew slightly slower in logarithmic
phase (Figure 4.13B) than the parental cell line. Immunofluorescence of
unpermeabilised parental cells, which should not therefore allow antibodies to cross
the PM, using antibody LT22, which detects LPG as well as PPGs and SAPs (llg et al.,
1993, Stierhof et al., 1999), showed a strong signal across the cell body and flagellar
surfaces (Figure 4.14). The fluorescent signal was greatly reduced in the ALPG1 cell

line and almost completely disappeared from the flagellum (Figure 4.14).
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Figure 4.12. Knockout verification of ALPG1 cell line by WB and PCR. A-D) PCR analysis of ALPG1
cell lines. 3 PCRs were carried out as shown in the diagrams: A, B) PCR to test for the presence
of the LPG1 ORF, C) PCR to test for the presence of the blasticidin resistance gene, D) PCR to
test for the presence of the neomycin resistance gene. E) WB of WCLs probed with anti-LPG
antibody LT22 (antibody details in Table 2.2 in Materials and Methods). The expected size
range of LPG is shown. P: parental cell line Cas9 T7 (p); KO pop: ALPG1 population;
A8/C7/F3/G6/HS: clonal ALPG1 cell lines; +AB: cell lines expressing an ectopic copy of LPG1

(Beneke et al., 2017).
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Figure 4.13. Growth curves of ALPG1 cell lines. Growth curves of clonal ALPG1 cell lines
compared to the parental cell line. A) Log phase promastigotes were seeded at ~1.10° cells/ml
at 0 h, their cell densities were measured and then measured again at 24, 48, 72, 96 and 168
h. B) Log phase promastigotes were seeded at ~1.10° cells/ml, their cell densities were

measured and then measured again 24 h later before being diluted back to ~1.10° cells/ml.
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Figure 4.14. Anti-LPG immunofluorescence of ALPG1 cells. ALPG1 clone F3 and parental Cas9
T7 (p) cells were fixed with 2% PF and stained with LT22 primary and FITC-conjugated
secondary antibodies. All images were taken with the same exposure times. The first three
rows of images were processed using the same contrast levels, and the 4" row was processed
using higher contrast levels to show the fluorescent localisation of the remaining PPG signal

in more detail. All scale bars 10 um.

4.2.7. Immuno-gold analysis of LPG localisation in EV samples
Although LPG was detected in isolated PRO and DIF EV samples (Figure 4.1G), we

cannot conclude from these data whether LPG is EV-associated or if it is a non EV-
associated contaminant. To address this question we employed immuno-gold EM
using antibody LT22 against DIF EV samples. Since LT22 is not specific for only LPG, it
was essential to compare EVs isolated from the parental and ALPG1 cell lines in order
to deduce the likely localisation of LPG. Both EV- and non EV-associated gold particles
were visible and there were far fewer gold particles in the ALPG1 sample (Figure
4.15B) than the parental (Figure 4.15A) or AB samples (Figure 4.15C), reflecting the
reduction observed in immunofluorescence labelling in the ALPG1 sample using LT22
antibody (Figure 4.14). The size distribution of vesicles from all three cell lines was
similar with vesicles ranging from ~30-150 nm in diameter (Figure 4.15A-C). The
number of EV- and non EV-associated gold particles were quantified (Figure 4.15D),
showing that the ALPG1 sample contained 25-fold fewer EV-associated and 5-fold
fewer non EV-associated gold particles than the parental (Figure 4.16A). In summary,
the fraction of EV-associated gold particles was 49% in the parental sample, compared

to 17% in the ALPG1 and 42% in the AB (Figure 4.16B).
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The abundance of LPG present on L. mexicana cell surface membranes (Figure 4.14)
suggests that LPG is also likely to be present on the surface of secreted microvesicles.
Immuno-gold experiments to investigate this (Figure 4.15) were difficult to interpret
due to the unspecific nature of the antibody used and the difficulty in accurately
determining whether a gold particle is vesicle-associated based on our images. It
seems likely, though, based on this data that at least a fraction of the LPG present in

EV samples is EV-associated.
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Figure 4.15. Anti-LPG immuno-gold EM of EVs from parental, ALPG1 and AB cell-lines. Isolated
DIF EVs from parental (A), ALPG1 (B) and LPG1 AB (C) cell-lines were resuspended in PBS with
2% PF and prepared on carbon coated grids for immuno-gold negative staining EM. Two fields
of view which are representative of the images used for quantification are shown for each
sample. Primary anti-LPG antibody LT22 and secondary antibody conjugated to 5nm gold
particles were used to visualise the presence of LPG. Dark areas of intense staining (outlined
with dashed lines) are likely to be gelatine deposits and were not included in the
quantification. D) An example of gold particle assignment: blue circles indicate vesicle-

associated particles and orange non-vesicle-associated. Scale bars 100 nm.
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Figure 4.16. Quantification of anti-LPG immuno-gold EM. Gold particles were counted and
assigned as either vesicle-associated or non-vesicle-associated. Dark areas of intense staining
were not included in the quantification. A) Gold particles in 19 fields of view at the same
magnification for each sample were counted and assigned as either vesicle-associated (blue)
or non-vesicle-associated (orange). B) Graph showing the fraction of vesicle-associated gold

particles which is lower for the ALPG1 cell line than the parental or AB.
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4 .3. Discussion

4.3.1. Identification of novel markers in L. mexicana EV samples including SMP1, GT2 and
LPG

Our study of L. mexicana EV composition using WB adds BiP, alpha tubulin, GT2 and
SMP1 to the list of proteins confirmed to be present in EV samples (Figure 4.1),
alongside EF-la, GP63 and HSPs (Silverman et al., 2010a, Atayde et al., 2015).
However, we cannot exclude the possibility that BiP and alpha tubulin, as abundant
proteins, are detected in EV samples as a result of whole cell contamination. Indeed,
we cannot conclude that any of the factors detected by WB or MS in our EV samples
are vesicle-associated, merely that they are present in vesicle-enriched fractions.
Trypsin digestion experiments alongside Western blotting would help to determine

whether proteins detected in EV samples are protected from digestion and therefore

likely to be EV cargo.

We show that histone H3 and PFR2 may be useful negative controls for Leishmania
EV studies, since these are abundant proteins in whole cells which are not detected
in L. mexicana EV samples (Figure 4.1). The absence of histone H3 and PFR2 in our EV
samples is reassuring, suggesting that whole cell debris or lysed cells are not major
contaminants. This result reflects our EV MS data which shows that histone H3 and
PFR2 are among the ‘bottom hits’ as determined by Mascot score ranking (Appendix
1). Distinct protein banding patterns between EV and whole cell samples also supports
the idea that there is minimal whole cell contamination in EV samples (Figure 4.2).
Both FM and cell body membrane proteins SMP1 and GT2 are detected in L. mexicana

EV samples, providing the first WB-based evidence that both the flagellum and cell
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body are likely to be sources of EVs. An alternative explanation is that flagellar
proteins are translated and trafficked in the cell body and could be incorporated into
EVs via that route, but the fact that another flagellar protein, PFR2, was not detected
in EV samples argues to some extent against this possibility. FM protein SMP1 is
detected in both PRO and DIF EV samples but cell body membrane protein GT2 is only
detected in the PRO sample, supporting our previous observations suggesting that the

ratio of SMP1- to GT2- positive EVs increases during differentiation (Figure 3.21B).

While the presence of LPG in EVs has been postulated based on the presence of the
LPG synthetic enzyme LPG2 (Silverman et al., 2010b), we show for the first time that
LPG is present in EV samples (Figure 4.1). Intriguingly, LPG in EV samples is present at
a slightly lower range of molecular weights than in whole cells. A secreted form of LPG
has been described (see Chapter 5 Introduction) which has a slightly different
structure to the surface-bound form (llg et al., 1994), but it is expected to have more
phosphoglycan repeats and therefore higher molecular weights than the surface-
bound form. SAPs and PPGs, which are secreted non-vesicle-associated proteins
(Stierhof et al., 1998, Stierhof et al., 1999), are also detected at high levels in our EV
samples, supporting our previous EM observations of the presence of non-vesicle

contaminants (Figure 3.16 and Figure 3.17).

4.3.2. MS approach to enrich for flagellar proteins and virulence factors
The novelty of our MS approach was in comparing EVs from PRO and 4 h DIF cells and

selecting DIF-enriched proteins for further analysis in the hope of finding flagellar-
derived EV proteins and virulence factors important for the early stages of infection.
A previous MS study separately compared EVs released from cells at 37 versus 26°C

and pH 7 versus 5.5, but in contrast to our study, the effects of increased temperature
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and lowered pH (to mimic differentiation conditions) were not studied together and

a longer incubation time of 24 h was used (Silverman et al., 2010a).

A total of 901 PRO and 978 DIF EV proteins were identified (Figure 4.5A), which is
strikingly more than other Leishmania EV studies where the highest number of
identified proteins was 424 (Hassani et al., 2014). However, the number of proteins
identified in individual replicates varied between 300 and 783, with up to 450 unique
proteins in one out of three replicates in the PRO EV samples (Figure 4.5C, D). These
figures indicate that the data is not of the high quality based on reproducibility which
would allow reliable enrichment analyses to be carried out. However, there was a high
degree of reproducibility among the more abundant proteins (as determined by
Mascot score, Appendix 1). For MS analysis of complex samples, ideally at least 10 pg
should be analysed (EMBL et al.), therefore it is likely that the low (~1.5-20 pg) and
variable protein content of our EV samples (Table 4.1) limited the quality of the MS

output data.

Overall, the proteins identified are in good agreement with previously published data,
including SAP, EF-1a, enolase, HSPs, surface antigens, GP63, histones, calpain-like
cysteine peptidases, P-type ATPases, tubulin, and proteasomal and ribosomal
proteins (Appendix 1). GP63 (Contreras et al., 2010, Gomez et al., 2009, Halle et al.,
2009), surface antigen-like proteins, proteasomal subunits, several hypothetical
proteins and metabolic enzymes seem to be enriched in the DIF EV sample (Table 4.2,
Table 4.5). Several proteins identified are involved in known vesicle secretion
pathways including an Alix-like protein, actin and ubiquitin (Table 4.5). PRO and DIF

EVs contain a range of cell body and flagellar-enriched proteins with no skew towards
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either cellular compartment, supporting our hypothesis that L. mexicana EVs are both
cell body and flagellar-derived (Figure 4.2, Table 4.3). It is notable, given the fact that
the whole cell proteome contains many more proteins that our EV proteomes (Figure
4.6), that only 73% of PRO and 58% of DIF EV proteins are also present in a whole
promastigote L. mexicana proteome (Table 4.3). Many of the proteins only found in
the EV proteomes are hypothetical proteins (Table 4.5) and we can speculate that

their primary functions lie outside of L. mexicana cells as secreted factors.

4.3.3. Majority of tagged candidate EV proteins have no signal or a diffuse localisation
Based on our MS analysis, 36 candidate EV proteins were successfully fluorescently

tagged and localised (Figure 4.8), giving us valuable information about a group of
poorly studied L. mexicana proteins. The majority (25 out of 36) of tagged candidate
EV proteins either localise in a diffuse cytoplasmic pattern or have no detectable
localisation in whole L. mexicana promastigotes (Figure 4.8B, D). Perhaps it is not
surprising that proteins identified based on MS analysis of secreted products have a
weak or no detectable localisation in whole cells, but these results mean it is difficult
to draw conclusions about the likely functions of these proteins. Unfortunately, we
were unable to confirm whether any of the tagged proteins indeed localise to EVs
despite attempts to visualise secretion of tagged protein into macrophage PVs (Figure
4.10) and to carry out WBs on acetone-precipitated L. mexicana conditioned medium
(data not shown). Other localisations of tagged proteins include the nucleolus, cell
body membrane and cell body reticulated structures (Figure 4.8). To investigate if any
of these candidate EV proteins are important for early infection of macrophages, a KO
screen could be carried to see if any null mutants are unable to survive in

macrophages. The most interesting localisation was of a homolog to the known
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ESCRT-related and EV-associated protein PDCD6IP (also called Alix) (Odorizzi, 2006),
which was enriched in vesicle-like foci in the cell and on cell body and flagellar surfaces
(Figure 4.9A). It would be interesting to carry out live time-lapse imaging of this cell

line to see whether the foci are blebbing from or adsorbing to these surfaces.

4.3.4. The search for an FM-derived EV marker
One aim of this study was to identify a transmembrane protein with an exclusive FM

localisation which is also present in isolated EVs. Tagging such a protein on the outer
membrane side would allow us to perform FM-derived EV pull-downs which would be
highly useful for the future in-depth analysis of EV subsets from different subcellular
sources. Unfortunately, none of the tagged candidate EV proteins (Figure 4.8) nor ACs

(Figure 4.11) fit the criteria.

4.3.5. Analysis of LPG localisation in EV samples
LPG has a strong cell body and flagellar surface localisation (Figure 4.14), suggesting

it is likely to be included on both cell body- and flagellar- derived microvesicles unless
there is a mechanism to exclude LPG from vesicular cargo. Immuno-gold experiments
suggest that at least a fraction (up to 50%) of LPG is vesicle-associated (Figure 4.15,
Figure 4.16), however this interpretation is limited by our lack of an LPG-specific
antibody and our ability to confidently assign gold particles as vesicle- or non-vesicle-
associated (Figure 4.15D) due to the abundance of small, indistinct vesicles. Immuno-
gold labelling using an LPG-specific antibody or WBs of EVs which have been further
purified by density gradient separation would be necessary to determine with

confidence whether LPG is EV-associated.
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4.3.6. Conclusions and outlook
We show that L. mexicana EV samples contain cell body membrane and FM markers

GT2 and SMP1, suggesting that both the cell body and flagellum may be a source of
EVs. MS analysis of PRO and DIF EV samples confirmed the presence of proteins
identified in other Leishmania EV studies, including virulence factors and known EV-
associated proteins GP63 and EF-1a. Analysis of MS datasets led to the selection of
DIF-enriched candidate EV proteins, with the aim of identifying flagellar proteins and
proteins involved in the early stages of macrophage infection. 36 candidate EV
proteins were fluorescently tagged and localised: the majority had either a diffuse
cytoplasmic or no localisation and only one exclusive flagellar localisation was
identified, therefore it is hard to draw conclusions about the likely function of these
proteins or their presence in EVs. A homolog of PDCD6IP, a known EV marker in
mammalian cells, localises to distinct foci resembling vesicles. This protein is therefore
a good candidate for involvement in EV biogenesis in Leishmania spp. and merits
further study; unfortunately attempts to KO the protein in this study were
unsuccessful, suggesting that it may be essential (Chapter 3). A major limitation of this
study is the need to carry out further analysis of the candidate EV-associated proteins
in tagged whole cells, rather than on the EVs they release which are the focus of this
study, since high-throughput isolation of EVs from many cell lines is not currently
feasible (due to technical restrictions such as low EV yields and the number of samples
which fit in an ultracentrifuge rotor). Perhaps the best approach to circumvent this
issue would be a high-throughput KO screen of the candidate EV proteins to see
whether any are required for infection or flagellar shortening, which would allow the

selection of a smaller yet promising subset of proteins for detailed EV studies.
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LPG is a very well-studied virulence factor but how it is delivered to the host and
whether it is carried by EVs remains unknown. Our data show for the first time that
LPG is present in EV samples and that it is likely to be at least partially EV-associated,
although further study is needed to confirm this. We generated a ALPG1 cell line to

use in the study of LPG in the context of EVs.

While we have a lot of data concerning the composition of Leishmania EVs, several
open questions remain. There are many unannotated proteins found in Leishmania
EVs whose functions remain unknown. Some of these proteins are not detected in
whole cells and it is possible their main function is as a secreted product; they
therefore deserve further study as potential virulence factors which could modulate
host function. The consistent identification of ribosomal, proteasomal and histone
proteins in Leishmania EV samples should be addressed to determine whether these

proteins have novel functions as secreted factors.
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5. Biological effects of L. mexicana promastigotes and EVs on
macrophages

5.1. Introduction

5.1.1. LPG: structure and importance as a virulence factor
LPG has been extensively studied as a Leishmania virulence factor and has many

known effects on macrophage biology (llg, 2001, Lodge and Descoteaux, 2005, Spath
et al., 2000), particularly during the early stages of infection when promastigotes are
phagocytosed by macrophages and undergo differentiation to amastigotes. During
this process, the Leishmania-containing phagosome is resistant to fusion with
lysosomes and late endosomes (Scianimanico et al., 1999), and this is postulated to
be important to allow promastigote to amastigote differentiation in a conducive
environment. Studies showing that Leishmania LPG-deficient mutants are unable to
inhibit phagolysosomal maturation (Desjardins and Descoteaux, 1997, Scianimanico
et al., 1999) suggest that LPG is responsible, although the underlying mechanisms are

unclear.

Despite the many published biological effects of LPG, whether LPG is a virulence factor
at all seems to depend on the Leishmania species. Research to address this question
has used both LPG1 knockout parasites (llg, 2000) (Spath et al., 2000), which are
specifically unable to synthesis LPG, and LPG2 knockouts, which are unable to
synthesise any phosphoglycan repeat-containing molecules (llg et al., 2001). While L.
major LPG1 knockout promastigotes have greatly impaired ability to infect sand flies,
macrophages and mice (Spath et al., 2000), another similar study showed that L.

mexicana LPG1 knockouts replicate normally in macrophages and mice (llg, 2000).
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Both studies used a Balb/c murine model, with footpad lesion size as the only measure
of infection level. As discussed in Section 1.2.2, this output is not ideal as a
measurement of parasite survival since lesion size and parasite load do not always
correlate (Vargas-Inchaustegui et al., 2009). Therefore, conclusions about lesion
severity, not parasite load, can be drawn from these two studies. As for parasite
survival in macrophages, the L. major study clearly shows a dramatic reduction in
ALPG1 parasite load within 2 days post-infection (Spath et al., 2000), whereas the L.
mexicana study shows the percentages of ALPG1- versus WT- infected macrophages
are similar (llg, 2000). The percentage of infected macrophages tells us about infection
dynamics but is not a direct measure of parasite load, since a variable number of
parasites can infect one macrophage. Therefore, ALPG1 L. major parasite survival in
macrophages is clearly attenuated under the conditions tested, but we cannot draw
conclusions about the ability of ALPG1 L. mexicana to survive in macrophages.
Therefore, LPG seems to be important for L. major virulence and may not be needed
at all for L. mexicana virulence. Furthermore, LPG2 knockout L. mexicana are virulent
in macrophages and mice (llg et al., 2001), suggesting that phosphoglycan repeats in
general are not necessary for virulence in this species. LPG2 knockout L. donovani
(Gaur et al., 2009) and L. major (Spath et al., 2003), on the other hand, display even
more severely attenuated virulence than the LPG1 knockouts. L. mexicana LPG, as
discussed in Section 1.2, does undoubtedly exert effects on macrophages, including
cytokine production and signalling pathways, but whether these effects are relevant
to infection given that LPG itself is not required is difficult to say. One point to note is
that the LPG virulence studies were carried out in mice, and it is possible that the

extent to which the parasite relies on LPG may vary between host species. This idea is
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supported by the fact that the immune responses to leishmaniasis in mice and

humans are different (Sharma and Singh, 2009), as discussed in Section 1.1.2.
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Figure 5.1. Structure of lipophosphoglycan. Figure taken from (Forestier et al., 2014). Two
representations of the chemical structure of LPG are shown. The four domains are colour-
coded: GPl anchor and glycan core (red); linear phosphoglycan repeats (blue); oligosaccharide
cap (pink). The residue shown in green is present in some Leishmania species including L.
mexicana. X represents glycosylation present on the LPG of some Leishmania species
including L. mexicana. Leishmania species have variable sugar residues branching off the
phosphoglycan chain, variable numbers of phosphoglycan repeats and variable di- tri- or
tetra- saccharide cap structures (Forestier et al., 2014). The promastigote surface LPG of L.
mexicana has on average 20 phosphoglycan repeats, around 20% of the galactose groups are

B-glycosylated, and the terminal cap has three possible structures: Manal-2Man, Manal-
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2Manal-2Man or Manal-2(GalBl-4)Man (lig et al., 1992). Gal, galactose; Man, Mannose; Glc,

glucose; Galf, galactofuranose; GlcN, glucosamine; Ino, inositol.

While the structure of L. mexicana LPG in other life cycle stages is unknown, there are
changes in the cap (Sacks et al., 1995) and phosphoglycan structures of LPG in other
species. For example, the number of phosphoglycan repeats in L. major LPG increases
from around 19 to 34 following the procyclic to metacyclic transition (Barron and
Turco, 2006) and the number of the phosphoglycan repeats of L. donovani (Sacks et
al., 1995) and L. chagasi (Barron and Turco, 2006) LPG increases following
metacyclogenesis. These structural changes probably reflect the different roles LPG
performs in different life cycle stages: LPG is required for attachment to epithelial cells
in the sand fly midgut (Sacks et al., 2000), therefore it is possible that structural

epitopes present in promastigote LPG mediate this interaction.

Two studies carried out over twenty years ago identified a distinct form of LPG in L.
major amastigotes (Glaser et al., 1991, Moody et al., 1993). This LPG is recognised by
different antibodies from those which identify promastigote LPG (Glaser et al., 1991),
has 36 phosphoglycan repeats and has a different set of phosphoglycan side chain
residues (Moody et al., 1993). Amastigote LPG is present at about 6.10* (Moody et al.,
1993) copies per cell compared to around 6.10° copies per promastigote (Moradin
and Descoteaux, 2012), and its functional importance is unknown. While LPG1
knockout L. major promastigotes are quickly degraded by macrophages, knockout
amastigotes are able to replicate normally (Spath et al., 2000), suggesting a less

important role for LPG in this life cycle stage.
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In addition to the surface membrane-bound form, LPG is also secreted into cell culture
supernatants of L. mexicana, L. donovani and L. major (llg et al., 1994). This secreted
form has a slightly different structure, for example L. mexicana has 20 phosphoglycan
repeats in the surface-bound form and 28 in the secreted form (llg et al., 1994).
Secreted LPG can be enriched for in culture supernatants by ultrafiltration (llg et al.,
1994), therefore it is possible that Leishmania EV studies which use this method could
also enrich for secreted LPG. It is intriguing that the GPl anchor remains present in the
secreted form of LPG, and it is not clear whether LPG is freely secreted or secreted as

EV cargo.

5.1.2. Known effects of LPG on cytokine production
The majority of research carried out on the immunomodulatory effects of LPG has

been done using purified LPG (Becker et al., 2003, Favila et al., 2015, Srivastava et al.,
2013, Passero et al., 2015, Rojas-Bernabe et al., 2014, Argueta-Donohue et al., 2008).
Whether or not this approach gives an accurate idea of the role of LPG in vivo is
debatable (see Introduction), and it has been suggested that a major role for LPG may
be its expression on the parasite surface where it can shield immunogenic surface
molecules. Further complication is added by the fact that studies are carried out in
different host cell types, species and Leishmania species. Furthermore, the structure
of LPG changes during the Leishmania life cycle, and different forms can have have
different effects on cytokine production; metacyclic LPG induces a stronger increase

in IFNy production from NK cells than procyclic LPG (Becker et al., 2003).

While LPG is generally considered to have immunosuppressive effects (Spath et al.,
2000, Frankenburg et al., 1990), several reports have also shown increases in pro-

inflammatory cytokines in response to LPG. Purified LPG from L. major increases pro-
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inflammatory IFNy and TNFa production when incubated with human NK cells (Becker
et al., 2003) and IL-12 production in human DCs (Favila et al., 2015). The fact that LPG
induces IL-12 production in human DCs was further supported by the same study
which compared the IL-12 levels induced by live WT and LPG1 knockout L. major
parasites (Favila et al., 2015). While in murine macrophages LPG from L. major induces
increases in anti-inflammatory cytokines IL-10 and TGF production (Srivastava et al.,
2013), another study also observed an increase in TNFa, as well as IL-10, in response
to purified LPG from L. shawi (Passero et al., 2015). Similarly, IL-10, IL-12 and TNFa
were increased in human DCs and monocytes, and in macrophages IL-1B was also
increased (Rojas-Bernabe et al., 2014), in response to purified LPG from L. mexicana
(Argueta-Donohue et al., 2008). Overall, the response to LPG appears to be more
complex than simply pro or anti-inflammatory and several studies show LPG-induced
increases in both pro- and anti-inflammatory cytokines (Passero et al., 2015, Rojas-

Bernabe et al., 2014, Argueta-Donohue et al., 2008).

LPG has been linked to reductions in chemotactic activity. Purified LPG from L.
donovani reduces expression of the chemokine MCP-1 in human endothelial cells and
transendothelial migration of monocytes (Lo et al., 1998). However, to date there are
no reports of LPG affecting production of any of the CXCL chemokines, perhaps
because these chemokines are not commonly measured and the use of unbiased
cytokine screening panels has only been adopted fairly recently (Sampey et al., 2016,

Paggetti et al., 2015, Civini et al., 2013).

5.1.3. Role of CXCL- chemokines in Leishmania infection
The chemokine CXCL10 is produced in response to IFNy by several cell types including

monocytes, endothelial cells and macrophages, and recruits various immune cells
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including T cells, NK cells, monocytes and macrophages (Carter et al., 2007). The
importance of CXCL10 in Thl-driven responses was shown in CXCL10 knockout mice
which have reduced T cell proliferation and IFNy production in response to antigenic
stimulation (Dufour et al., 2002). CXCL9, 10 and 11 are all recognised by the common
receptor CXCR3, which is up-regulated on Thl-type T cells, and appear to have
overlapping but non-redundant roles (Carter et al., 2007). The fact that CXCL10 is
associated with the promotion of a Thl immune response is important since a Thl

response is thought to be protective in Leishmania infection (Gaafar et al., 1995).

CXCL10 has been shown to have direct cytotoxic activity on L. mexicana promastigotes
in vitro (Sobirk et al., 2013), as shown by a substantial increase in PM permeability
and decrease in mitochondrial function. This result should be interpreted with
caution, however, since the concentrations of CXCL10 used in the study were in the
micromolar range, which is much higher than the nanomolar concentrations which

would usually be found in vivo (Wolf and Moser, 2012).

There is mounting evidence that CXCL10 treatment reduces Leishmania infection in
vivo. Both pre-treatment of macrophages in vitro and injection into lesion sites with
CXCL10 results in significantly lower parasite burdens during L. amazonensis infection
(Vasquez and Soong, 2006). In L. donovani murine infection, CXCL10 treatment at days
1, 3 and 7 post-infection leads to a drastic >90% decrease in parasite load by day 28
(Gupta et al., 2009). Consistent with an environment conducive to Leishmania
infection control, splenocytes from these mice produced higher levels of Thl type
cytokines IFNy, IL-12, TNFa, and lower levels of immunosuppressive cytokines IL-10,

IL-4 and TGF-B (Gupta et al., 2009, Gupta et al., 2011). L. donovani-infected murine
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macrophages also showed these changes in cytokine secretion (except for IFNy which
was not measured) when treated with CXCL10 (Gupta et al., 2009). It was shown
through the use of specific inhibitors that the ability of CXCL10 to reduce L. donovani
parasite loads in mice is dependent on NO production, which is a primary mechanism
of Leishmania killing in macrophages (Panaro et al., 2001, Mukbel et al., 2007), and
p38 signalling (Gupta et al., 2009). CXCL10-dependent reduction in parasite load in
infected macrophages and mice was also reported for L. infantum, and splenocytes
from the infected mice secreted higher levels of IFNy and lower levels of IL-10 and
TGF-B (Figueiredo et al., 2017). CXCL10 treatment of infected mice also affected T cell
function: greater proliferative capacity of isolated T cells in response to leishmanial
antigen was observed (Gupta et al., 2009), as well as reduced recruitment of
regulatory T cells, which are associated with non-resolving Leishmania infection (Rai

et al., 2012, Mendez et al., 2004), to the spleen (Gupta et al., 2011).

In line with the idea that lowered CXCL10 levels are conducive to Leishmania infection
and may therefore be down-regulated by the parasite, L. major-infected human
macrophages in vitro have significantly reduced CXCL10 mRNA expression (Guerfali et
al., 2008). A study of CXCL11 production by peripheral blood mononuclear cells from
patients with healing or non-healing cutaneous leishmaniasis (likely to be caused by
L. major), showed that high CXCL11 levels were associated with the self-healing form
of the disease (Moafi et al., 2017), supporting the idea that CXCL11, like CXCL10,
promotes the control of Leishmania infection. Conversely, L. braziliensis infection of
human macrophages induced increased production of CXCL10 (Vargas-Inchaustegui

et al., 2010). In a mouse model of visceral L. donovani infection, the mRNA levels of
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several chemokines including CXCL10 were found to be elevated in the liver at three
weeks post-infection (Murray et al., 2016). The importance of IFNy in the induction of
these CXCL- chemokines was confirmed by the fact that infected IFNy knockout mice

were unable to produce elevated chemokine levels (Murray et al., 2016).

Interestingly, in contrast to the documented protective roles of CXCL10 in L.
amazonensis, L. infantum and L. donovani infection, in one study CXCL10 knockout
mice had lower parasite burdens than WT mice 2-4 weeks post-infection with L.
donovani, suggesting an infection-enhancing role for CXCL10 (Murray et al., 2016).
Different mouse models are unlikely to account for this discrepancy since C57BL/6
mice were used for the CXCL10 knockout study and both C57BL/6 and BALB/C mice
were used in the studies showing protective roles for CXCL10. It is possible that
CXCL10 knockout mice have systemic changes in their immune system leading to
enhanced parasite control. In conflict with this result, the same study showed that
mice lacking CXCR3, the receptor for CXCL10, had slightly increased parasite loads for
reasons that are not well understood, perhaps suggesting a CXCL10-independent

protective role for CXCR3 (Murray et al., 2016).

Taken together, there is compelling evidence that CXCL10 induces control of
Leishmania infection via both enhanced macrophage killing and T cell regulation. High
CXCL10 levels in infected mice and macrophages induces a Thl environment
conducive to parasite control, with high levels of pro-inflammatory cytokines such as

IL-12 and IFNy and low levels of immunosuppressive cytokines IL-10 and TGF-f.
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5.1.4. Aims
While there have been several studies on the effects of Leishmania on macrophage

cytokine secretion, most studies of promastigotes and all studies of EVs analyse a
small subset of cytokines based on previously published results. We aim here to
screen a broad panel of macrophage cytokines in an unbiased fashion for regulation
by L. mexicana promastigotes and EVs. We further hope to investigate whether EVs
from promastigotes or differentiating cells have different effects on cytokine
production, to help establish whether these EV samples are functionally different.
Finally, our finding that LPG is present in EV samples (Chapter 4) leads us to question
whether this secreted LPG exerts effects on macrophage cytokine production, as has
been documented for purified and cell-associated LPG. We aim to use the LPG1 cell

line which we generated to address this question.
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5.2. Results

5.2.1. Infective promastigotes and EVs induce reductions in macrophage chemokine and
IFNy secretion

Fluorescence microscopy of human iPSC-derived macrophages 3 days after infection
with the doubly labelled L. mexicana SMP1::mCh-GT2::eGFP:TY cell line, (Clone 3, see
Figure 3.1) showed the presence of amastigotes within PVs as expected (Figure 5.2A,
B). As seen in infected murine BMDMs (Figure 3.7), non-parasite-associated mCherry
signal was widely distributed within infected (Figure 5.2A, B), but not uninfected
(Figure 5.2C), human macrophages, consistent with the possibility that flagellar
membrane proteins are shed from the parasites. The presence of amastigotes three
days post-infection shows that L. mexicana parasites are able to differentiate and
survive within human iPSC-derived macrophages, establishing these cells as a good

model system to study Leishmania-macrophage interactions.
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Phase SMP1:mCh SMP1::mCh

Figure 5.2. Imaging of Leishmania-infected human iPSC-derived macrophages. iPSC-derived
macrophages were infected at an MOI of 5 with stationary phase Clone 3 promastigotes.

The macrophages were washed after 18 h to remove extracellular parasites and were imaged
by phase contrast and fluorescence microscopy at 3 days post-infection. Infected (A, B) and
uninfected (C) macrophages are shown. A) Examples of PVs containing amastigotes are
indicated by asterisks and examples of amastigote flagella visualised with tagged FM protein
SMP1::mCh are indicated by arrowheads. All panels were imaged and processed at the same

contrast levels. Scale bars 10 um.
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We investigated the effects of L. mexicana samples on human macrophage cytokine
production. Since macrophage activation induces the secretion of many cytokines and
has been shown to increase Leishmania killing (Green et al., 1990, Mukbel et al., 2007)
we compared the effects of L. mexicana infection or EVs on 1) unstimulated
macrophages, 2) macrophages stimulated with LPS and IFNy before the addition of
Leishmania samples, and 3) macrophages stimulated with LPS and IFNy after the
addition of Leishmania samples. To the macrophages were added either (i) nothing,
(ii) medium which has been through the same EV isolation procedure as the EV
samples to control for endotoxin contamination, (iii) stationary phase promastigotes
(PRO live), (iv) PRO or (v) DIF EVs. After 18 h incubation the culture supernatants were
assayed for cytokines. We first looked for the induction of a broad panel of 36 human
cytokines using a semi-quantitative Proteome Profiler kit (using samples from
macrophage conditions 1 and 2). As expected, more cytokines were induced by
LPS/IFNy-activated iPSC macrophages (van Wilgenburg et al., 2013), and in total the
following 14 cytokines were detected: MCP-1, MIP-1a/MIP-1B, CXCL1, CXCL10,
CXCL11, ICAM-1, IFNy, IL-1B, IL-1ra, IL-6, IL-8, MIF, Serpin-E1 and TNFa (Figure 5.3A).
The remaining 22 undetected cytokines included IL-10 and IL-12, which have been
implicated in Leishmania infection persistence (Anderson et al., 2008, Saha et al.,
2007, Salhi et al., 2008) or clearance (Ghalib et al., 1995, Strauss-Ayali et al., 2005)
respectively (Figure 5.3B). Relative levels of cytokines were quantified. The untreated
and medium control samples induced similar levels of cytokine production, suggesting
there was minimal endotoxin contamination during EV isolation (Figure 5.3C, D). Due
to the semi-quantitative nature of the Proteome Profiler assay, only three-fold or

more changes in cytokine production are considered to be reliable (based on guidance
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from R&D representative). Among the LPS/IFNy-pre-stimulated macrophage samples
the following decreases in cytokine secretion were induced: CXCL10 and CXCL11 by
all three L. mexicana samples; MIP-1a/B secretion by PRO live cells; IL-1B by both PRO
live cells and PRO EVs (Figure 5.3C). Among the unstimulated macrophage samples,
IL-1ra and IL-8 were decreased by PRO live cells (Figure 5.3D). No substantial increases

in cytokine secretion were observed in response to any L. mexicana samples.
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Figure 5.3. Proteome profiler cytokine screening of human macrophages incubated with live
Leishmania or EVs. iPSC-derived human macrophages were treated for 3 days with LPS/IFNy,
or left untreated, then infected at an MOI of 10 with stationary phase L. mexicana Clone 3
promastigotes (PRO live) or incubated with PRO or DIF EVs from the same cell line. As negative
controls either nothing or a medium control were added. After 18 h macrophage
supernatants were collected and screened for a panel of 36 human cytokines using a
Proteome Profiler kit. A) Proteome Profiler membranes showing cytokine detection (the more
cytokine present the darker the spots). All the cytokine detection spots which were visible by
eye are annotated and identified in the legend. The reference spots are non-specific positive
controls to show that the assay was technically successful. B) All cytokine detection spots
which were not visible by eye are identified and listed. C and D) Quantification of cytokine
levels using Imagel software. Only cytokines where the detection spots were visible by eye

are shown. C) +LPS/IFNy samples. D) —LPS/IFNy samples.

We decided to follow these results up with quantitative ELISA analysis of samples from
macrophage conditions 1, 2 and 3, measuring all 14 cytokines induced by L. mexicana
samples, as well as IL-10, IL-12 and TGF-B1 which have been shown to be regulated

by Leishmania infection (Anderson et al., 2008, Saha et al., 2007, Salhi et al., 2008)
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((Teixeira et al., 2006, Matte and Olivier, 2002). For the quantitative ELISA, the
samples were prepared under the same conditions as for the Proteome Profiler assay.
Confirming the Proteome Profiler results, CXCL11 (Figure 5.4A) and CXCL10 (Figure
5.4C) secretion were significantly decreased by all three L. mexicana samples in
LPS/IFNy-pre-stimulated macrophages (condition 2), and the same effects were
observed on CXCL1 (Figure 5.4B) and IFNy (Figure 5.4E) secretion. These were the
most consistent and substantial effects on cytokine secretion observed; CXCL1
secretion was reduced by ~50%, CXCL10 reduced by ~8-fold, CXCL11 by ~4-fold and
IFNy by ~2-fold. Smaller but significant decreases in CXCL1 (~2-fold, Figure 5.8C),
CXCL10 (~3-fold, Figure 5.8B) and IFNy (~10%, Figure 5.8D), but not CXCL11 (Figure
5.8A) secretion, were also induced by DIF EVs under macrophage condition 3 (Figure
5.4). PRO live cells also slightly decreased CXCL10 secretion but not as much as DIF
EVs (Figure 5.8B). Overall, the effects of L. mexicana samples on cytokine production
under macrophage condition 3 were different compared to condition 2 (Table 5.2A,
B), and most significant changes were smaller in magnitude. Since we observed that
PRO and DIF EVs induced very similar effects on cytokine secretion under macrophage
conditions 1 and 2 (Figure 5.4-5.7), only DIF EVs were used for the macrophage
condition 3 experiment. Under macrophage condition 1, CXCL10 secretion was also

significantly decreased by all three samples (Figure 5.4D).

IL-8 (Figure 5.5A) and IL-1ra (Figure 5.5B) secretion by unstimulated macrophages
were increased by PRO live cells and DIF EVs (Figure 5.5B). TNFa secretion by
unstimulated macrophages was also increased by DIF EVs (Figure 5.5D), while its
secretion by activated macrophages was decreased by PRO live cells and PRO EVs
(Figure 5.5C). MCP-1 secretion by unstimulated macrophages was decreased by PRO
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live cells (Figure 5.5E) and TGF-B1 secretion was increased by PRO and DIF EVs (Figure
5.5F). Finally, ICAM-1 secretion by activated macrophages was decreased by PRO EVs
(Figure 5.6B). Other significant differences were measured but were not discernible
by eye (Figure 5.6A, C, D, E). No significant changes in IL-10 (Figure 5.7A), IL-12 (Figure

5.7B), MIP-1 (Figure 5.7C) or IL-6 (Figure 5.7D) secretion were observed.
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Figure 5.4. Cytokine analysis of human macrophages incubated with live Leishmania or EVs
following LPS/IFNy stimulation: cytokines which are strongly down-regulated in stimulated
macrophages. A-E) Cytokines which are strongly down-regulated by L. mexicana PRO live cells
and PRO and DIF EVs in stimulated macrophages are shown. As for Fig. 5.3, iPSC-derived
human macrophages were treated or untreated for 3 days with LPS/IFNy then infected at an
MOI of 10 with stationary phase Clone 3 promastigotes (PRO live) or incubated with PRO or
DIF EVs (MOI equivalent of 2500) from the same cell line. As negative controls either nothing
or a medium control were added. After 18 h macrophage supernatants were collected and
the 14 cytokines which were detected by Proteome Profiler analysis as shown in Fig. 5.3 plus
IL-12, IL-10 and TGF-B1 were quantified by multiplexed Luminex ELISA. 5 replicates from two
biological repeats are shown, error bars show the mean * 1 standard deviation. Asterisks
show significant differences compared to the medium control as tested by paired t-tests with

p values as follows: * p<0.05; ** p< 0.01; *** p<0.001; **** p<0.0001.
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Figure 5.5. Cytokine analysis of human macrophages incubated with live Leishmania or EVs
following LPS/IFNy stimulation: cytokines which are regulated in unstimulated macrophages. A-
F) Cytokines which are weakly regulated by L. mexicana samples in unstimulated
macrophages (and in stimulated macrophages in the case of TNFa (C)) are shown. D) The
unstimulated samples shown in (C) are shown in more detail with a different y-axis scale.

Experimental details are the same as for Fig. 5.4.
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Figure 5.6. Cytokine analysis of human macrophages incubated with live Leishmania or EVs
following LPS/IFNy stimulation: cytokines which are very weakly regulated. A-E) Cytokines which
are significantly but very weakly regulated by L. mexicana samples in stimulated macrophages
(and in unstimulated macrophages in the case of IL-1B (C)) are shown. D) The unstimulated

samples shown in C) are shown in more detail with a different y-axis scale. Experimental

details are the same as for Fig. 5.4.
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Figure 5.7. Cytokine analysis of human macrophages incubated with live Leishmania or EVs
following LPS/IFNy stimulation: cytokines which are not significantly regulated. A-D) Cytokines
which do not differ significantly from the medium control in response to L. mexicana samples

in stimulated or unstimulated macrophages are shown. Experimental details are the same as

for Fig. 5.4.
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Figure 5.8. Quantitative ELISA cytokine analysis of human macrophages incubated with live
Leishmania or EVs before LPS/IFNy stimulation. Experimental details are the same as for Table
5.2. Data for CXCL11 (A), CXCL10 (B), CXCL1 (C) and IFNy (D) secretion from stimulated
macrophages are shown; these were the 4 cytokines shown to be dramatically suppressed by
L. mexicana samples in pre-stimulated macrophages in Fig. 5.4. 9 replicates from three
biological repeats are shown, error bars show the mean * 1 standard deviation. Asterisks
show significant differences compared to the medium control as tested by paired t-tests with

p values as follows: * p<0.05; ** p< 0.01; *** p<0.001; **** p<0.0001.

All significant differences were summarised (Table 5.1, Table 5.2). No substantial
significant increases in cytokine production by activated macrophages were observed
in response to any L. mexicana sample (Table 5.1A, Table 5.2A), while both increases

and decreases by unstimulated macrophages were observed (Table 5.1B, Table 5.2B).
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The observed decreases in CXCL10, CXCL11 and MIP-1B secretion from stimulated

macrophages (Table 5.1A) are consistent with our Proteome Profiler results (Figure

5.3C)
A)
CXCL11

CXCL10

Serpin-E1

MIP-1a

PRO live

PRO EV

DIF EV

PRO live | PROEV | DIF EV

CXCL11

CXCL10

MIP-1a

Table 5.1. Summary of quantitative ELISA cytokine analysis of human macrophages incubated

with live Leishmania or EVs following LPS/IFNy stimulation. Experimental details are the same

as for Fig. 5.4. Whether the levels of each cytokine were significantly increased ("), decreased

(J) or did not change (left blank) compared to the medium control is summarised for the

+LPS/IFNy (A) and —LPS/IFNy (B) samples.
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PRO live = DIFEV
CXCL11 CXCL11

CXCL10 CXCL10

Serpin-E1 Serpin-E1

Table 5.2. Summary of quantitative ELISA cytokine analysis of human macrophages incubated
with live Leishmania or EVs before LPS/IFNy stimulation. iPSC-derived human macrophages
were infected at an MOI of 10 with stationary phase L. mexicana Clone 3 promastigotes (PRO
live) or incubated with DIF EVs (MOI equivalent of 2500) from the same cell line for 18 h then
treated or untreated for 2 days with LPS/IFNy. As negative controls either nothing or a
medium control were added. Macrophage supernatants were collected and the 14 cytokines
which were detected by Proteome Profiler analysis as shown in Fig. 5.3 plus IL-12 and IL-10
were quantified by multiplexed Luminex ELISA. Whether the levels of each cytokine were
significantly increased, decreased or did not change compared to the medium control, as
tested by paired t-test, is summarised for the +LPS/IFNy (A) and —LPS/IFNy (B) samples. Data
for CXCL1, CXCL10, CXCL11 and IFNy are shown in more detail in Fig. 5.8. The data represents

nine replicates from three biological repeats.

In these studies so far, L. mexicana EV samples with a very high MOI equivalent of

2500 cells had been added to macrophages; in the case of CXCL1, CXCL10, CXCL11 and
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IFNy these EV samples induced the same magnitude of cytokine secretion suppression

as PRO live cells at an MOI of 10 (Figure 5.4). We performed a dose-response assay to

test how much EV sample was required for the suppressive effect. CXCL11 secretion

was still significantly decreased by MOI equivalents of DIF EV sample down to 10

(Figure 5.9A), while the suppressive effects of DIF EVs on CXCL10 (Figure 5.9B) and

CXCL1 (Figure 5.9C) were lost at MOI equivalents of 250. IFNy secretion was not

significantly decreased by DIF EVs in this experiment (Figure 5.9D); this may be due to

variations between experiments in the extraneous IFNy added to stimulate the

macrophages (the same IFNy concentrations were added but the potency may have

varied depending on the batch and age of sample).
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Figure 5.9. Cytokine dose response analysis of human macrophages incubated with EVs. iPSC-
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derived human macrophages were treated for 2 days with LPS/IFNy then incubated with
different cell equivalents of DIF EVs from L. mexicana Clone 3 cells for 18 h. As negative
controls either nothing or a medium control were added. A-D) Macrophage supernatants
were collected and the 4 cytokines which were shown to be dramatically reduced in Fig. 5.4
were quantified by multiplexed Luminex ELISA. Six replicates from two biological repeats are
shown, error bars show the mean % 1 standard deviation. Asterisks show significant
differences compared to the medium control as tested by paired t-tests with p values as

follows: * p<0.05; ** p< 0.01; *** p<0.001; **** p<0.0001.
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5.2.2. LPG contributes to effects on cytokine production
Having detected LPG in our EV samples (Figure 4.1, Chapter 4) we decided to use our

LPG-deficient ALPG1 cell line (Figure 4.12, Chapter 4) to investigate whether LPG
contributes to the observed effects on macrophage cytokine secretion (Figure 5.4).
PRO live cells or DIF EVs from parental, ALPG1 and AB cell lines were added to
LPS/IFNy-stimulated macrophages and CXCL1, CXCL10, CXCL11 and IFNy secretion
was measured, since these cytokines were affected to the greatest extent by non-
LPG-deficient L. mexicana samples (Figure 5.4). As previously observed, CXCL1 (Figure
5.10A, B), CXCL10 (Figure 5.10C, D) and CXCL11 (Figure 5.10E, F) secretion were
decreased by the parental non-LPG-deficient PRO live and DIF EV samples.
Suppression of CXCL10 (Figure 5.10C, D) and CXCL11 (Figure 5.10E, F) secretion was
reduced in response to ALPG1 PRO live cells and DIF EVs, and these effects were fully
restored by the AB samples. In the case of CXCL10, ALPG1 DIF EVs fully restored

CXCL10 levels to those of the untreated controls (Figure 5.10D).

As observed in the previous experiment (Figure 5.9D), IFNy secretion was not
significantly decreased by L. mexicana samples (Figure 5.10G, H); this may be due to
variable concentrations between experiments of extraneous IFNy added to stimulate
the macrophages. The level of CXCL1 secretion was similar in response to PRO live

cells (Figure 5.10A) or DIF EVs (Figure 5.10B) from parental, ALPG1 and AB cell lines.

Since human iPSC-derived macrophages are a new model system for Leishmania-host
interactions studies, we wondered whether the effects of L. mexicana samples on
cytokine production and their dependency on LPG could be replicated in a more
established system: murine BMDMs. CXCL1, CXCL10 and IFNy secretion were

measured, as for the human macrophages. CXCL11 was not measured since the
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murine Luminex ELISA assay does not include it, although CXCL11 is present in mice
(Widney et al., 2000). IL-10 and TNFa were also included because of their documented
regulation in murine macrophages by Leishmania samples (Srivastava et al., 2013,
Arango Duque et al., 2014). CXCL1 (Figure 5.11A, B) and CXCL10 (Figure 5.11C, D)
secretion were both reduced, by ~¥50% and by ~5-fold respectively, by parental PRO
live cells and DIF EVs. In both cases, the suppression of cytokine secretion was reduced
but not fully abolished in response to ALPG1 PRO live cells (Figure 5.11A, C) and DIF
EVs (Figure 5.11B, D) and these effects were fully restored by the AB samples.
Although statistically significant differences were observed, no substantial effects of
L. mexicana PRO live cells or DIF EVs on IFNy (Figure 5.11E, F), TNFa (Figure 5.11G, H)
or IL-10 (Figure 5.11l, J) secretion were observed. Two different batches of BMDMs
from independent labs were used for this experiment, three replicates from one batch
and five from the other; this explains the observation that, for all cytokines except
CXCL10, there is distinct clustering of cytokine concentrations from the two replicate
batches. Importantly, despite the differences in relative levels between batches of
BMDMs, all replicates follow the same trends in response to L. mexicana samples

(Figure 5.11A-)).
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Figure 5.10. LPG contributes to the effect of Leishmania cells and EVs on human macrophage
cytokine production. iPSC-derived human macrophages were treated for 2 days with LPS/IFNy
then infected at an MOI of 10 with stationary phase L. mexicana promastigotes (A, C, E, G) or
incubated with DIF EVs at an MOI equivalent of 2500 (B, D, F, H) from parental (Cas9 T7 (p)),
ALPG1 and LPG1 AB cell lines. As negative controls either nothing or a medium control were
added. After 18 h macrophage supernatants were collected and the 4 cytokines which were
shown to be dramatically reduced in Fig. 5.4 were quantified by multiplexed Luminex ELISA.
Six replicates from two biological repeats are shown, error bars show the mean + 1 standard
deviation. Asterisks show significant differences compared to the medium control as tested

by paired t-tests with p values as follows: * p<0.05; ** p< 0.01; *** p<0.001; **** p<0.0001.
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Figure 5.11. Leishmania cells and EVs induce similar changes in cytokine production in murine
and human macrophages. Murine BMDMs were treated for 2 days with LPS/IFNy then infected
at an MOI of 10 with stationary phase L. mexicana promastigotes (A, C, E, G, 1) or incubated
with DIF EVs at an MOI equivalent of 2500 (B, D, F, H, J) from parental (Cas9 T7 (p)), ALPG1
and LPG1 AB cell lines. As negative controls either nothing or a medium control were added.
After 18 h macrophage supernatants were collected and IL-10 and TNFa in addition to CXCL1,
CXCL10 and IFNy, which were shown to be dramatically reduced in Fig. 5.4 (CXCL11 not
available in murine Luminex assay although present in the mouse), were quantified by
multiplexed Luminex ELISA. Eight replicates from three biological repeats are shown with lines

between the paired data. Asterisks show significant differences compared to the medium
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control as tested by paired t-tests with p values as follows: * p<0.05; ** p< 0.01; *** p<0.001;

**%* p<0.0001.

5.2.3. Fewer EVs are isolated from ALPG1 cells

Given the loss of chemokine suppression in response to EVs from ALPGI cells, we
wanted to check whether the number of EVs released from ALPG1 cells is comparable
to parental cells. Using NTA, the number of EVs released from ALPG1 cells was 2-6-
fold lower than parental cells, with a mean of 3-fold, and the parental level of EV

release was restored in AB cells (Figure 5.12A, B).
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Figure 5.12. Fewer EVs are isolated from ALPG1 parasites. DIF EVs were isolated from equal
numbers of parental (L. mexicana Cas9 T7 (p)), ALPG1 and LPG1 AB cell lines and EV
concentrations were measured by NTA. Four biological repeats were carried out: A) raw data
with lines between the paired data points B) data normalised to the parental values with error
bars £ SEM. Statistical analysis by unpaired one-way ANOVA indicated statistically significant

differences between the samples with a p value of 0.0039.

5.2.4. ALPG1 cells are able to survive inside human macrophages
L. mexicana ALPG1 cells have been shown to have undiminished virulence compared

to WT cells in murine macrophages and mice (llg, 2000), but these experiments have
not been carried out in human macrophages. We sought to compare the infection
levels of parental, ALPG1 and AB cell lines in human iPSC-derived macrophages. We
carried out the infections in both unstimulated macrophages and macrophages pre-
stimulated with LPS and IFNy, since the latter condition is expected to enhance
parasite killing by macrophages (Green et al., 1990, Mukbel et al., 2007). The DNA dye
Drag5 was used to stain L. mexicana and macrophage nuclei and quantify infection

levels (Figure 5.13A). Both with and without LPS and IFNy, the absolute initial infection
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level (both Leishmania per 100 macrophages and % infected macrophages) was lower
in the parental sample than the ALPG1 sample (~2-fold fewer Leishmania per 100
macrophages) with the AB falling in between the two (Figure 5.13B). The initial
number of Leishmania per 100 macrophages was roughly 50 parasites lower for each
sample in the LPS and IFNy-treated macrophages compared to the untreated (within
a range of 100-300), and after 48 h was roughly 100 lower for the ALPG1 and AB cell
lines and 30 lower for the parental cell line (Figure 5.13B). In both treated and
untreated samples, the % infected macrophages fell in the first 24-48 h, then rose up
to 72 h before decreasing again (Figure 5.13B). A similar pattern was seen for
Leishmania per 100 macrophages, except with the parental cell line which increased
up to 72 h in the untreated macrophage sample and up to 24 h before decreasing in
the LPS and IFNy treated sample (Figure 5.13B). When infection levels were
normalised to the 0 h time point, the parental cell line had increased infection levels
compared to the ALPG1 or AB cell lines at all subsequent time points (both Leishmania
per 100 macrophages and % infected macrophages) (Figure 5.13C). The difference
between the cell lines in terms of Leishmania per 100 macrophages was enhanced in
the LPS and IFNy-treated samples; at 24 h, for example, the number of parental
Leishmania per 100 macrophages was ~20% higher than ALPG1 Leishmania in the
untreated sample, compared to ~120% higher in the LPS and IFNy-treated sample

(Figure 5.13C).

The major conclusion from this data is that LPG is not essential for L. mexicana to
survive and replicate in human macrophages, but there may be subtle differences in

the dynamics of infection between parental and LPG-deficient parasites.
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Figure 5.13. Time course of infection of human macrophages with ALPG1 parasites. Human iPSC-
derived macrophages which had been treated or untreated for 3 days with LPS and IFNy were
infected with stationary phase parental (L. mexicana Cas9 T7 (p)), ALPG1 clone F3 or LPG1 AB
cells at a MOI of 10. An uninfected control was also analysed. At 2 h post-infection (the “0 h
sample”) all samples were washed, and one set of eight samples (three cell lines and
uninfected control * LPS/IFNy) was stained with the DNA dye Drag5 and imaged live on an
inverted fluorescence microscope. The remaining sets of samples were stained and imaged
subsequently at 24, 48, 72, 96 and 168 h (the +LPS/IFNy samples could not be imaged at 168
h due to macrophage death). The Draq5 channel was used to manually select macrophage
and parasite nuclei, then these selections were analysed using an Imagel) Macro (developed
by Jessica Valli) to determine how many parasites were inside each macrophage. A) An
example of an image used to count macrophage and parasite nuclei (24 h, Cas9 T7 (p), -
LPS/IFNy sample). Four of the parasites are indicated by arrowheads to illustrate how they
appear with Draqg5 staining. Scale bar 10 um. B and C) Time courses showing the percentage
of infected macrophages and the number of parasites in every 100 macrophages. The raw

data (B) and data normalised to the 0 h time point (C) are shown.

5.2.5. Analysis of effects of infective promastigotes and EVs on macrophage signalling
pathways

Given that we found suppressive effects of L. mexicana PRO live cells and DIF EVs on
CXCL- chemokine secretion (Figure 5.4) and these effects appear to be partially LPG-
dependent (Figure 5.10, Figure 5.11), we decided to investigate the signalling
pathways responsible which LPG might target in the macrophage. Signalling
phosphoproteins Erk1/2 and p38 were chosen for study because they are regulated
by LPG (Balaraman et al., 2005, de Veer et al., 2003). STAT3 is implicated in CXCL11

expression (Yang et al.,, 2007a), and forms signalling complexes with STAT1 in
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response to IFNy. Finally, STAT4 is inducibly expressed in macrophages and regulates
the expression of pro-inflammatory cytokines (Fukao et al., 2001, Schindler et al.,
2001). Expression of the active phosphoproteins in human iPSC-derived macrophages
was first tested by WB under conditions known to induce expression (addition of LPS
or a cytokine) with unstimulated cells as negative controls. All phosphoproteins were
robustly expressed within 1 h of macrophage stimulation (Figure 5.14A, C, D, E),
except STAT4. Erk1/2, but not STAT1, STAT3 or p38, was detected in unstimulated
macrophages (Figure 5.14A, C, D, E). Although faint products of approximately the
expected molecular weight of STAT4 were detected in all conditions (Figure 5.14B), it
was not clear whether any of the bands correspond to STAT4 since there was no
increase as expected upon IL-12 stimulation. Therefore, STAT4 was not taken forward

for further study.

The expression of STAT1, STAT3, Erk1/2 and p38 were measured by WB at several
time points during an 18 h incubation of LPS/IFNy-stimulated human macrophages
with L. mexicana DIF EVs from parental, ALPG1 and AB cells. All phosphoproteins were
detected in the negative control macrophage sample (Figure 5.15). This is likely
because these phosphoproteins are induced in LPS and/or IFNy stimulated
macrophages; this has been shown in our own experiments for STAT1, p38 and Erk1/2
(Figure 5.14), and STAT3 is also documented to be induced by IFNy (Yang et al., 2007a).
It is not clear why two bands were present in the anti-p38 positive control and only
the lower band was present in all other samples (Figure 5.15), however it is the lower
band which is the expected molecular weight of activated phospho-p38 (T180/y182).
All phosphoproteins were detected at all time points and in response to all samples
(Figure 5.15). Differences in band intensity between the time points (for example, all
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the phosphoprotein bands are stronger at the 0.5 h time point) are likely to be due to
technical issues rather than biological effects; samples from different time points
were present on different membranes and were therefore exposed under slightly
different conditions. We looked for a pattern of phosphoprotein expression which
mirrored the differences observed in chemokine levels in response to ALPG1 versus
parental and AB samples (Figure 5.10 and Figure 5.11). However, no consistent
differences in phosphoprotein expression between macrophages incubated with

parental, ALPG1 or AB DIF EVs were observed (Figure 5.15).
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Figure 5.14. Western blotting of human macrophage WCLs for phosphorylated signalling
proteins. iPSC-derived human macrophage WCLs were probed for the active phosphorylated
versions of various intracellular signalling proteins: A) Erk1 (T202/Y204)/Erk2 (T185/Y187) B)
STAT4 (Y693) C) STAT1 (Y701) D) STAT3(Y705) E) p38 (T180/Y182). Untreated macrophage
WCLs were used as negative controls (-). Positive controls were done by stimulating
macrophages with the appropriate cytokine or PAMP as shown and stimulation times in

minutes are indicated. Asterisks indicate the correct size of the expected product. The bottom
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panels show the same membranes probed for a tubulin as a loading control. Antibody details

in Table 2.2 in Materials and Methods.
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Figure 5.15. Western blotting of human macrophage WCLs incubated with Leishmania EVs for
phosphorylated signalling proteins. iPSC-derived human macrophage were treated for 2 days
with LPS/IFNy then incubated with DIF EVs at an MOI equivalent of 2500 from Cas9 T7 (p) (P),
ALPG1 (KO) and LPG1 AB cell lines or nothing was added as negative controls (-). Macrophage
WCLs were collected at the indicated time points post-infection and probed for the active
phosphorylated versions of various intracellular signalling proteins: STAT3(Y705), STAT1
(Y701), p38 (T180/Y182) and Erk1 (T202/Y204)/Erk2 (T185/Y187). Positive controls (+) were
as described in Fig. 5.14. A) This Western blot data is representative of triplicate data from
three iPSC-derived macrophage donor cell lines. B) Triplicate Western blot data was analysed
in a semi-quantitative way by measuring the integrated pixel density (IntDen, the product of
the area and mean grey value) of equal-sized areas surrouding each protein band using Image)
software. The error bars show the mean + SEM. Antibody details in Table 2.2 in Materials and

Methods.

Since no obvious effects of L. mexicana DIF EVs on STAT1, STAT3, p38 or Erkl/2
macrophage expression were found, we next chose to investigate the transcription
factors NFkB and AP-1. As discussed in Section 1.2.4, NFKB has been identified as a
driver of CXCL1 (Kanayama et al., 2015), CXCL10 (Brownell et al., 2014) and CXCL11
(Yang et al., 2007a) expression, and both NFkB (Becker et al., 2003) and AP-1 activity
(Balaraman et al., 2005) are regulated by LPG. RAW-Blue™ macrophages were used
as a reporter cell line to quantify the levels of NFkB and/or AP-1 transcription (Figure
5.16). PRO live cells slightly induced NFkB and/or AP-1 activity at both 34°C (Figure
5.17A) and 37°C (Figure 5.17B), and the effect was slightly reduced in response to
ALPG1 cells compared to parental or AB (Figure 5.17A, B). We also decided to

investigate the effect of lysed cells on transcription, as a control for the possibility that
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any effect of EV samples could be due to contaminating factors from whole or lysed
cells. Lysed cells induced a very small but significant increase in NFkB and/or AP-1
activity (Figure 5.17C). Like PRO live cells, DIF EVs induced a small but significant
increase in NFkB and/or AP-1 activity, but with no differences between the parental,
ALPG1 and AB samples (Figure 5.17D). Neither PRO live cells (Figure 5.18A) nor DIF
EVs (Figure 5.18B) had any effect on NFkB and/or AP-1 activity in LPS/IFNy-stimulated

macrophages.

In summary, roles for the macrophage signalling proteins STAT3, STAT1, p38, Erk1/2,
AP-1 and NFkB in LPG-dependent suppression of chemokines is not supported by our

data.
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Figure 5.16. RAW-Blue™ macrophages as a reporter system for NFkB and/or AP-1 transcription.
RAW-Blue™ macrophages transcribe and secrete alkaline phosphatase when NFkB and/or
AP-1 transcription is activated. The amount of alkaline phosphatase secreted can be
quantified by incubation with QuantiBlue™, where the absorbance at ~630 nm correlates
with the level of NFKkB/AP-1 transcriptional activation, as shown here where the positive wells

appear blue.
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Figure 5.17. Leishmania cells and EVs induce weak NFkB/AP-1 activation in RAW macrophages.
RAW-Blue™ macrophages were infected at an MOI of 10 with stationary phase L. mexicana
parental (Cas9 T7 (p)), ALPG1 or LPG1 AB promastigotes at 34°C (A) or 37°C (B). C) Freeze-
thaw-lysed stationary phase Cas9 T7 (p) promastigotes were added at the indicated MOI
equivalents. D) DIF EVs were added at an MOI equivalent of 2500 from parental (Cas9 T7 (p)),
ALPG1 and LPG1 AB cell lines. As negative controls either PBS or a medium control were
added. LPS was used as a positive control. After 18 h at 37°C (unless otherwise specified)
macrophage supernatants were collected, incubated with QuantiBlue™ reagent and
absorbance at 630 nm was measured. A, B, C) Duplicate or triplicate data from one biological
repeat are shown. (D) These data are representative of two biological repeats. Asterisks show
significant differences compared to the medium or PBS control as tested by unpaired t-tests

with p values as follows: * p<0.05; ** p< 0.01; *** p<0.001; **** p<0.0001.
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Figure 5.18. Leishmania cells and EVs induce no NFkB/AP-1 activation in LPS/IFNy-treated RAW
macrophages. RAW-Blue™ macrophages were treated for 1 day with LPS/IFNy then infected
at an MOI of 10 with stationary phase L. mexicana promastigotes (A) or incubated with DIF
EVs at an MOI equivalent of 2500 (B) from parental (Cas9 T7 (p)), ALPG1 and LPG1 AB cell
lines. After 18 h at 37°C macrophage supernatants were collected, incubated with
QuantiBlue™ reagent and absorbance at 630 nm was measured. These data are
representative of two biological repeats. There were no significant differences between

samples and the medium or PBS control as tested by unpaired t-tests with p values of >0.05.

2901



5.3. Discussion

5.3.1. Macrophage cytokine regulation by L. mexicana promastigotes and EVs
While the cytokine screening array we used contains only 36 cytokines and immune

response genes out of more than 100 potential cytokines of interest (Dinarello, 2007),
it nevertheless constitutes a much broader and less biased survey than the majority
of Leishmania studies. To our knowledge only one other similarly broad cytokine
screening study has been performed (Filardy et al., 2014). This study screened for 40
murine cytokines in response to L. major infection of unstimulated resident murine
macrophages; TNFa, IL-6, TIMP-1, IL-1ra, G-CSF, TREM, CXCL1, MIP-1a, MIP-183, MCP-
1, and MIP-2 were all upregulated (Filardy et al., 2014). This broad approach allowed
us to search for human macrophage cytokines of interest which had not been
previously reported to be regulated by Leishmania under unstimulated versus
LPS/IFNy-stimulated conditions, while also checking for results consistent with

previously published Leishmania-dependent effects on cytokines.

IL-12. The major effect which has been consistently reported of Leishmania
promastigote infection on cytokine production from stimulated macrophages is
inhibition of I1L-12 (Belkaid et al., 1998). While we observe a slight decrease in IL-12
secretion from macrophages which have been stimulated following incubation with
DIF EVs (Table 5.2A), we do not see inhibition of IL-12 secretion by L. mexicana
promastigote infection under any of the conditions tested (Figure 5.7B, Table 5.2A,
B). This could be due to different experimental timings; in most published studies
Leishmania promastigotes were added at the same time as LPS and/or IFNy

stimulation (Belkaid et al., 1998), whereas in our experiments macrophages were
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treated for two or three days prior to addition of Leishmania samples, or for two days

following an 18 h incubation with Leishmania samples.

IL-8 and IL-1ra. Regarding effects on cytokines from unstimulated macrophages, we
confirm that IL-8 and IL-1ra are increased in response to L. mexicana promastigote
infection (Figure 5.5A, B), as had been reported for L. donovani (Silverman et al.,
2010a) and L. major (Filardy et al., 2014) infection respectively. Interestingly,
increased IL-1ra levels are also observed in response to DIF but not PRO EVs, although
this increase is very small (Figure 5.5B). Increased secretion of IL-8 has been shown
from both monocytes and macrophages in response to L. donovani and L. major EVs
(Silverman et al., 2010a) and this is the main published effect of Leishmania EVs on
macrophage cytokine production thus far. In our hands, IL-8 is increased by both L.
mexicana promastigotes and DIF EVs from both unstimulated macrophages (Figure
5.5A) and macrophages stimulated with LPS/IFNy for two days following L. mexicana

sample incubation (Table 5.2A), although the changes are very small.

TNFa and IL-6. Increases in macrophage TNFa and IL-6 secretion were reported in
response to L. donovani and L. major infection (Arango Duque et al., 2014), but while
we observe higher TNFa levels in response to DIF EVs (Figure 5.5D), we do not see
higher levels of either cytokine in response to L. mexicana promastigote infection

(Figure 5.5D, Figure 5.7D).

Overall, we confirm the published trend that cytokine production in response to
Leishmania samples is lowered in activated macrophages and increased in un-
activated macrophages. This could be due to cytokines already being maximally

produced in response to LPS and IFNy stimulation.
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5.3.2. L. mexicana samples decrease CXCL1, CXCL10 and CXCL11 levels in macrophages
The cytokine changes discussed so far are significant but small. The major finding is

the substantial decrease in CXCL1, CXCL10 and CXCL11 levels in both human (Figure
5.4) and murine (Figure 5.11) LPS/IFNy-stimulated macrophages in response to L.
mexicana promastigote infection and also to PRO and DIF EVs. The reduction in
CXCL10 levels is particularly dramatic, being reduced ~8-fold and ~5-fold in human
(Figure 5.4C) and murine (Figure 5.11C, D) macrophages respectively, and was highly
reproducible. IFNy levels were also decreased in human macrophages (Figure 5.4E)
but this result was not reproducible (Figure 5.9, Figure 5.10) and therefore shall not
be discussed further. While there is mounting evidence that CXCL10, and to some
extent CXCL11 (Moafi et al., 2017), is protective in Leishmania infection and enhances
macrophage killing (Vasquez and Soong, 2006), reduced macrophage CXCL10
secretion in response to Leishmania infection or EVs has not been reported to our
knowledge. Given the potential protective role of CXCL10, it is possible that our results
reflect an L. mexicana mechanism to reduce CXCL10 levels and create an environment
conducive to parasite survival. Surprisingly, the suppressive effects of L. mexicana
promastigotes and EVs on CXCL- chemokine levels are reduced when human
macrophages are stimulated with LPS and IFNy after (Figure 5.8) rather than before
(Figure 5.4) L. mexicana sample incubation. In the former case, for example, (Figure
5.8B) CXCL10 levels are reduced to ~1000 pg/ml by Leishmania EVs compared to
control levels of ~3000 pg/ml; in the latter case (Figure 5.4C) CXCL10 levels are
reduced to ~1000 pg/ml by Leishmania samples compared to control levels of ~8000
pg/ml. The lower control levels of CXCL10 when macrophages were LPS/IFNy-

stimulated after Leishmania sample incubation may reflect the shorter LPS/IFNy-
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stimulation time of two days (Figure 5.8) compared to three days (Figure 5.4).
Therefore it is not clear whether the smaller relative reduction in chemokine levels
(Figure 5.8) is due to smaller suppressive effects of the Leishmania samples under
these conditions, or decreased chemokine induction. Furthermore, L. mexicana DIF
EVs have a greater suppressive effect on CXCL10 levels than promastigote infection
when macrophages are stimulated after sample incubation (Figure 5.8B). These data
could suggest that L. mexicana samples predominantly reduce CXCL- chemokine levels
by uptake or degradation following macrophage activation rather than inhibiting their
initial release, and that EVs are better at inhibiting CXCL10 release than

promastigotes.

5.3.3. Physiological context of EV sample concentration
In most cases, L. mexicana promastigote infection and PRO and DIF EVs have very

similar effects on macrophage cytokine production (Figure 5.4, Table 5.1A, B). There
are some differences between the effects of PRO and DIF EVs, including the increase
in IL-8, IL-1ra, TNFa and IL-1B levels in unstimulated macrophages induced by DIF but
not PRO EVs (Table 5.1B). The fact that DIF EVs seem to induce higher levels of pro-
inflammatory cytokines than PRO EVs supports our hypothesis that PRO and DIF EVs
could be functionally different and that DIF EVs are enriched for virulence factors (see
Chapter 3). However, the effects induced by DIF but not PRO EVs are very small in
magnitude, (Figure 5.5A, B, D, Figure 5.6D) therefore we cannot draw strong
conclusions from these results. The similar effects of promastigotes and EVs is
surprising given that the EV samples added to macrophages contain at least 5-fold less
protein (as measured by Bradford assay, data not shown) than the promastigotes,

suggesting that key parasite factors are enriched in EV samples. In our studies, the
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amount of EV sample added per macrophage corresponded to the amount of EVs
isolated from 2500 Leishmania cells, which seems very high compared to the likely in
vivo situation. However, this is assuming an unlikely 100% EV recovery. We do not
know exactly what proportion of EVs are lost during EV isolation but it is likely that
the true MOI equivalent is much less than 2500. Based on measurements of DIF EVs
which contain ~0.5 pg protein per 10° cell equivalents (Figure 4.4), and given that
2.5x108 cell equivalents are added per well of macrophages in 200 pl, the estimated
protein concentration of EVs which macrophages were exposed to is ~0.625 pg/ml.
This rough estimate is well below the figure of 50 pg/ml which has been proposed as
a physiologically relevant EV concentration (Silverman et al., 2010b), and below the
EV concentrations which are commonly used in Leishmania cytokine studies
(Silverman et al., 2010b, Hassani et al., 2014). Therefore, based on available evidence,
the EV concentrations used in this study appear to be below what might be
physiologically relevant, suggesting that our observed effects are likely to be an
under- rather than an over- estimation. However, further data to back up this
statement are required, including measurements of our EV yields and the ratio of
secreted to vesicle-associated protein in EV samples. The relevance of discussing
exogenous EV concentration, however, is debatable since we hypothesise that EVs are
released from differentiating Leishmania inside PVs, where the effective
concentration of EVs would be much higher. We find that decreasing EV concentration
10-fold is enough to abolish the suppressive activity of L. mexicana DIF EVs on CXCL1
and CXCL10, but that even a 250-fold diluted EV sample retains the suppressive effect

on CXCL11, (Figure 5.9) suggesting a very potent effect of EVs on this chemokine.
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5.3.4. LPG contributes to suppression of CXCL- chemokines
We find by comparing the effects of L. mexicana parental, ALPG1 and AB samples that

LPG contributes to the suppression of CXCL10 and CXCL11, but not CXCL1, in human
macrophages (Figure 5.10) and to the suppression of CXCL1 and CXCL10 (CXCL11 not
measured) in murine macrophages (Figure 5.11). The effect of LPG on CXCL10 is
greater in human than murine macrophages; in DIF EVs, LPG seems to account for the
entire effect on CXCL10 levels in human macrophages since DIF EVs from ALPG1 cells
have no significant effect on CXCL10 levels (Figure 5.10D). This difference between
the macrophage species is interesting given that L. mexicana LPG is thought to be
dispensable for virulence in mice (llg, 2000) but it is not known whether it is essential
in humans. No increase in TNFa or IL-10 secretion from murine macrophages was
observed in response to L. mexicana promastigotes or EVs (Figure 5.11), in contrast
with the published ability of purified L. shawi and L. mexicana LPG to induce these
cytokines. This result highlights the fact that LPG appears to have different effects

when purified or when cell-associated.

5.3.5. Effect of LPG may be direct or indirect
We show that LPG is not only likely to be EV cargo, but may influence EV release.

ALPG1 cells release approximately three-fold fewer particles as measured by NTA than
parental cells (Figure 5.12). Several explanations could account for this result: firstly,
NTA measures particles which we assume are EVs, but it is possible that ALPG1 cells
simply release less of some other particulate such as aggregrated protein; secondly,
the presence or absence of LPG, which is negatively charged (Mangoni et al., 2005,
Turco et al., 1987), is likely to change the surface charge or adhesivity of EVs which

may then adsorb more or less well to the surface of tubes during EV isolation, resulting
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in different EV vyields. Finally, it is possible that LPG regulates EV biogenesis via
unknown mechanisms. Our NTA experiments do not measure particles <50 nm in
diameter, therefore we do not know whether LPG affects the isolation of particles in

this size range.

Intriguingly, our data suggest that the effect of DIF EV-associated LPG on both CXCL10
and CXCL11 secretion in human macrophages is greater (Figure 5.10D, F) than
promastigote-associated LPG (Figure 5.10C, E), perhaps indicating that secreted LPG
accounts for a major proportion of its effects on these chemokines. However, our
observation that ~three-fold fewer EVs, or at least particles, are isolated from ALPG1
cells than parental or AB cells complicates the interpretation of these data (Figure
5.12). Since the differences in chemokine level in response to parental and ALPG1 DIF
EV samples are no more than 3-fold (Figure 5.10, Figure 5.11), it is possible that these
differences and the apparent LPG-dependency are due to the addition of fewer EVs,
which may contain some other unknown factor which is responsible for chemokine
suppression. While we know that adding ten-fold fewer EVs abolishes the effect of
DIF EVs on CXCL1 and CXCL10 (Figure 5.9), further experiments would have to be done
to determine the effect of adding three-fold fewer. We hypothesise that the isolation
of fewer EVs or particles from ALPG1 than parental cells may be due to technical
reasons. However, that cannot account for the apparent LPG-dependency of
chemokine changes observed in response to L. mexicana promastigote samples,
which have not undergone EV isolation (Figure 5.10C, E, Figure 5.11A, C). There are
several possibilities: ALPG1 promastigotes release fewer EVs containing a factor other

than LPG which induces chemokine suppression, or the loss of cell-associated and/or
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secreted LPG is directly responsible for the reduction in chemokine suppression.
Alternatively, the protein cargo of EVs from ALPG1 cells compared to parental EVs
may be altered, as has been shown for HSP100 and GP63 knockouts (Silverman et al.,
2010b, Hassani et al., 2014); this could mean that another virulence factor responsible
for the effects is down-regulated. The first step in resolving these open questions
would be to determine whether fewer EVs are truly released from ALPG1 cells without
carrying out EV isolation; a fluorescence or luciferase assay could be developed to
monitor real-time EV release into culture medium (Long et al., 2016). Despite these
unresolved questions, the parental and ALPG1 promastigote data (Figure 5.10C, E,
Figure 5.11A, C) tell us that L. mexicana LPG plays a definite role in chemokine

suppression, whether direct or indirect.

5.3.6. ALPG1 cells survive and replicate in human macrophages
We show that in human macrophages, as has been previously shown in murine

macrophages (llg, 2000), ALPG1 cells are able to survive and replicate. Initial infection
rates of ALPG1 cells are higher than parental, although it is not clear whether this is
due to technical error or a real superiority at macrophage invasion. While parental
infection levels increase within the first 24 h of infection, ALPG1 infection levels
decrease suggesting that LPG may play a role in early L. mexicana survival inside
human macrophages. Interestingly, this effect is enhanced by macrophage activation
with LPS/IFNy (Figure 5.13) which likely leads to increased parasite killing (Green et
al., 1990, Mukbel et al., 2007), suggesting that the use of LPS/IFNy activation may be
a useful tool to reveal more subtle infection phenotypes. The LPG1 AB did not fully
restore infection levels to those of the parental. While the AB cell line appears to

produce comparable levels of LPG to parental (Figure 4.12E), the levels and pattern of
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PPG and SAP are more comparable to the ALPG1 cell line (Figure 4.12E). These
differences, and possible changes in expression level of other factors we are not
aware of, could account for the intermediate infection phenotype of the AB. However,
any differences in macrophage infection level between the cell lines were small and
this experiment was carried out only once, therefore to be confident in the differences
observed replicates would be required. Overall, we can state that L. mexicana LPG is

not essential for human macrophage infection.

5.3.7. The macrophage signalling proteins responsible for CXCL- chemokine suppression
are unknown

Despite the published ability of purified LPG from several Leishmania species to
induce p38 and Erk1/2 phosphorylation and activation (Balaraman et al., 2005), de
Veer, Curtis et al. 2003, Rojas-Bernabe, Garcia-Hernandez et al. 2014), we find no
obvious differences in the levels of phosphorylated p38 and Erk1/2 between LPS/IFNy-
stimulated human macrophages incubated with EVs from parental or ALPG1 L.
mexicana cells (Figure 5.15). Furthermore, no obvious differences in STAT1 or STAT3
expression are observed (Figure 5.15). This experiment was carried out at time points
over 18 h, the time in which DIF EVs induce suppression of CXCL- chemokines (Figure
5.4, Figure 5.10). It seems likely, therefore, that these signalling proteins and
transcription factors are not responsible for the LPG-dependent effects observed on
human macrophage CXCL- chemokine secretion. However, no loading control was
included in this experiment (Ponceau staining of the WB membranes was carried out
but was too weak to be useful as a loading control) and it is possible that subtle

changes in phosphoprotein level are present but not detectable due to small

differences in sample loading. In addition, the fact that samples from different time
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points are present on different membrane and therefore their band intensities cannot
be directly compared, means that it is not possible to tell whether the levels of

phosphoprotein change during the time course.

Published data show that both Leishmania infection and purified LPG induce NFkB
nuclear translocation and activation and that purified LPG induces AP-1 activation in
macrophages. Consistent with these data, we show that L. mexicana promastigotes
(Figure 5.17A, B) and DIF EVs (Figure 5.17D) induce a slight increase in NFkB and/or
AP-1 activity in unstimulated murine macrophages, and that this effect is slightly
decreased in response to ALPG1 promastigotes compared to parental or AB (Figure
5.17A, B). Two observations make it likely that this slight NFkB and/or AP-1 activation
is not responsible for LPG-dependent suppression of macrophage CXCL- chemokines:
firstly, no effect of L. mexicana promastigotes (Figure 5.18A) or DIF EVs (Figure 5.18B)
on NFkB and/or AP-1 is observed in LPS/IFNy-stimulated macrophages which is the
condition where we see the effects on CXCL- chemokines; secondly, unlike CXCL-
chemokine levels, there is no difference between NFkB and/or AP-1 levels in response

to DIF EVs from parental versus ALPG1 cells (Figure 5.17D).

5.3.8. Suppression of CXCL- chemokines is likely due to uptake and/or degradation
The fact that L. mexicana promastigotes (Figure 5.17A, B), EVs (Figure 5.17D) and the

positive control LPS (a PAMP) (Figure 5.17) are able to induce NFkB and/or AP-1
activation in unstimulated but not in LPS/IFNy-stimulated macrophages (Figure 5.18A,
B) is reminiscent of LPS tolerance. The phenomenon whereby prolonged exposure to
LPS induces a ‘tolerant’ state where subsequent LPS exposure has greatly reduced
pro-inflammatory effects is well established (Foster et al., 2007, Frankenberger et al.,

1995, Medvedev et al., 2000, Nomura et al., 2000, Tominaga et al., 1999, Virca et al.,
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1989). LPS tolerance occurs both systemically in vivo and in in vitro cell lines including
macrophages (Seeley and Ghosh, 2017). The suppression of pro-inflammatory signals
after along exposure to a PAMP such as LPS is thought to be an important mechanism
for controlling harmful levels of tissue damage and inflammation during infection.
Stimulation with LPS for around 16-48 h is required to induce tolerance (Seeley and
Ghosh, 2017); IL-6 secretion from murine macrophages was measured after a 24 h LPS
stimulation following pre-stimulation with LPS for between 0 and 96 h (Foster et al.,
2007). Pre-stimulation for 24 and 48 h induced the strongest tolerance, i.e.
suppression of IL-6 secretion, while pre-stimulation for longer or shorter times
progressively reduced the induction of tolerance (Foster et al., 2007). Our studies use
LPS/IFNy pre-stimulation times from 24 h (Figure 5.18) to 72 h (Figure 5.4), which fall
within the time frame of inducing macrophage tolerance. Consistent with our results
(Figure 5.18), tolerant murine macrophages have reduced NFkB and AP-1 activation

upon the second LPS stimulation (Medvedev et al., 2000).

Two classes of LPS-induced genes involved in LPS tolerance have been identified; one
includes classical pro-inflammatory genes such as IL-6 and expression of these genes
is suppressed following a second LPS stimulation after a prolonged LPS exposure. The
other class of genes which are mostly antimicrobial and non-inflammatory are primed
to be expressed at higher levels upon the second LPS stimulation (Foster et al., 2007).
This system is thought to allow a sustained antimicrobial response through increased
expression of antimicrobial genes such as Cnlp during an infection, while also limiting
the expression of pro-inflammatory genes which would cause tissue damage if

expressed at high levels for a long period of time.
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CXCL10 is among the genes whose mRNA expression is suppressed upon a second LPS
stimulation (Medvedev et al., 2000); another study showed that CXCL1 and CXCL11
also belong to this group of genes (Foster et al., 2007). Therefore, it seems likely that
under the condition of prolonged macrophage pre-stimulation where addition of L.
mexicana samples leads to a reduction in CXCL1, CXCL10 and CXCL11 levels (Figure
5.4, Figure 5.10, Figure 5.11), the macrophages are in a tolerant state and unable to
express further levels of these chemokines. If this is true, then our observation of
reduced CXCL-chemokine levels in response to L. mexicana samples would reflect a
reduction in the levels of existing secreted chemokines, rather than an inhibition of
further secretion. This model would explain why we do not see changes in signalling
proteins and transcription factors in pre-stimulated macrophages in response to L.
mexicana samples. It would also explain why we do not observe the expected
reduction in IL-12 levels in LPS/IFNy-pre-stimulated macrophages (Figure 5.7B), since
IL-12 is also suppressed during LPS tolerance (Wysocka et al., 2001). To test this
theory, the experiments using LPS/IFNy—stimulation prior to addition of Leishmania
samples could be repeated, with an additional macrophage washing step to wash
away any existing secreted chemokines prior to addition of fresh LPS/IFNy-containing
medium with or without L. mexicana samples, to see if CXCL-chemokines are newly

secreted or not.

5.3.9. Mechanisms of chemokine uptake and degradation
There are two potential mechanisms for reducing existing levels of secreted

chemokines: degradation or increased uptake, which in our experimental case would
be uptake by macrophages. There are precedents for both mechanisms. Cytokines,

including chemokines, are common targets for bacterial proteases (Potempa and Pike,
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2009); S. pyogenes ScpC, for example, cleaves and renders IL-8 inactive (Hidalgo-Grass
et al., 2006). While we are not aware of any Leishmania proteases that target host
cytokines, the Leishmania genome encodes over 150 predicted proteases, some of
which are important virulence factors (reviewed in (Mottram et al., 2004)) and many
of which have unknown functions (Besteiro et al., 2007). Mechanisms are needed to
down-regulate pro-inflammatory signalling by ligand-bound chemokine receptors to
tissue damage; this is mediated by either G-protein uncoupling leading to signal
termination, or by internalisation of the ligand-bound receptor leading to recycling or
degradation (Colvin et al., 2004). Internalisation of ligand-bound receptors represents
a mechanism for chemokine uptake which can lead to reduced concentrations of
extracellular chemokine. CXCR3, the receptor for CXCL9, CXCL10 and CXCL11, is
expressed on macrophages (Zhou et al., 2010, Butler et al., 2017) and has been shown
to significantly reduce extracellular chemokine concentrations both in circulation
(Cardona et al., 2008) and in salivary glands (Sfriso et al., 2006); CXCR3 is therefore a
candidate for reducing CXCL- chemokine levels in our studies. However, the ability of
typical chemokine receptors such as CXCR3 to undergo down-regulation to dampen
pro-inflammatory signalling means they are not generally very efficient at removing
extracellular chemokines (Colvin et al., 2004). An atypical class of chemokine
receptors have been described which do not induce chemotactic activity and their
primary function appears to be chemokine scavenging, thanks to their ability to
continuously recycle back to the surface following internalisation (Hansell et al., 2006,
Weber et al., 2004). Atypical chemokine receptors could therefore be good candidates
for chemokine uptake leading to the reductions observed in CXCL-chemokine, and

particularly CXCL10, levels (Figure 5.4). CXCL11 is scavenged by atypical chemokine

304



receptor CXCR7 (Benredjem et al., 2017, Naumann et al., 2010), and CXCL1 (Wan et
al., 2015) and CXCL10 (Nibbs and Graham, 2013) are bound by ACKR1. Future
experiments to investigate the mechanism underlying our CXCL- chemokine
observations could test whether CXCR3, CXCR7, ACKR1 or any other chemokine
receptors of interest are up-regulated by pre-stimulated macrophages in response to
L. mexicana samples. Fluorescent chemokines could also be used to monitor uptake

and degradation (Ford et al., 2013).

5.3.10. Conclusions and outlook
We present a broad analysis of the effects of L. mexicana promastigotes and PRO and

DIF EVs on human macrophage cytokine levels under three conditions: no
macrophage stimulation (Table 5.1B), pre-stimulation with LPS and IFNy prior to L.
mexicana sample addition (Table 5.1A), and LPS and IFNy stimulation following L.
mexicana sample incubation (Table 5.2A). We found minimal cytokine regulation of
unstimulated macrophages in response to L. mexicana promastigotes or EVs (Table
5.1B, Table 5.2B). We show that in pre-stimulated macrophages, secreted CXCL1,
CXCL10 and CXCL11 are strongly down-regulated by promastigotes and PRO and DIF
EVs (Figure 5.4), which to our knowledge are not effects which have been previously
published. These effects are absent or weaker in macrophages which are stimulated
following L. mexicana sample incubation (Figure 5.8). CXCL1 and CXCL10 levels are
also suppressed in murine macrophages (Figure 5.11), showing these effects are

robust and conserved between species.

We show using parental and ALPG1 cell lines that CXCL-chemokine suppression is
partially dependent on the well-studied glycoconjugate LPG (Figure 5.10, Figure 5.11),

which is present in promastigotes and EV samples. We show that ALPG1 cells are able
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to survive and replicate in human macrophages and we identify the potential of LPS
and IFNy activated macrophages in mutant infection studies to enhance the effects of
subtle phenotypes. Intriguingly, fewer EVs are isolated from ALPG1 cells than
parental. This result may be due to technical issues or may suggest that LPG plays a
role in EV biogenesis or cargo selection, which would be previously undescribed
functions of LPG. The effect of LPG on macrophage chemokine levels may therefore

be direct or may be due to EV dose regulation and requires further investigation.

The molecular basis for the reduction in CXCL- chemokine levels remains unknown.
However, there is reason to suspect that conventional macrophage signalling
pathways which are targeted to modulate cytokine expression and secretion are not
responsible for these effects (Figure 5.15, Figure 5.18). We speculate that pre-
stimulated macrophages are in a state of LPS-induced tolerance, therefore addition
of L. mexicana samples is likely to reduce CXCL- chemokine levels via uptake and/or
degradation rather than inhibition of secretion. If confirmed through further studies,

this would represent a novel mechanism of cytokine regulation by Leishmania.
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6. Final discussion

6.1. The L. mexicana flagellum is a source of EVs
The overarching aim was to determine whether EVs from the L. mexicana flagellum

deliver virulence factors to modulate the host macrophage response. Firstly, we
addressed the subcellular origin of L. mexicana EVs and whether the flagellum is a
source of EVs. Imaging of EVs from a tagged L. mexicana cell line strongly suggested
that both the cell body and flagellar membranes are sources of EVs. Flagellar EVs
appear to be more abundant than cell body-derived EVs: the ratio of flagellar to cell
body EVs was around 5:1 in promastigote samples and around 200:1 in samples from
differentiating Leishmania (Figure 3.21B). Therefore, while acknowledging that other
populations of EVs may be present which were not visible using this method because
they contained neither GT2 nor SMP1 hence no fluorescent label, it seems likely that
the flagellum is not only a source but the major source EVs. To comprehensively
determine the proportion of flagellar-derived EVs as a fraction of total EVs, one
approach would be immuno-precipitation of EVs from a tagged cell line with an
epitope specifically present on the outside of flagellar-derived EVs, in combination

with NTA.

6.2. Flagellar EVs are released within infected macrophages
EVs were directly observed being released from live flagella within infected

macrophages (Figure 3.8), showing that flagellar-derived EVs are present in a
physiologically relevant context. A major open question is whether these EVs reach
the macrophage cytoplasm and if so, how? It is known that Leishmania EV-associated
proteins, including GP63, can be detected in the macrophage cytoplasm (Gomez et

al., 2009, Atayde et al., 2015, Silverman and Reiner, 2011), but how they are able to
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cross the PV membrane if released inside the phagolysosome or cross the
macrophage PM if released from extracellular Leishmania remains unknown. Possibly
Leishmania factors on the surface of EVs could bind macrophage membrane receptors
and elicit a signalling response without the need to physically cross the membrane. It
is unclear whether isolated EVs delivered to macrophage medium (as in our
experimental setup) would reach the same intracellular destination and exert the
same effects as EVs released by parasites within the PV. There is no simple way to
compare these two routes without the confounding factor of the parasites
themselves; mutant parasites which cannot release EVs or chemical inhibition of EV

release would help to dissect this question if such tools were available.

6.3. L. mexicana EV release and flagellar shortening are linked
Live imaging supports a link between flagellar shortening and EV release (Figure 3.8),

since EV shedding appears to leave behind shorter flagella. However, further imaging
is required to gain a clearer idea of the frequency of such events. Further evidence
supporting this conclusion is that increased EV release (Figure 3.22), as well as an
increased ratio of FM-derived to cell body membrane-derived EVs (Figure 3.21B),
occurs during promastigote to amastigote differentiation when flagellar shortening
takes place. We therefore expand the current understanding of the EV field that a link
between flagellar shortening and EV release is conserved between diverse
eukaryotes, namely mammalian cells (Nager et al., 2016), C. reinhardtii (Dentler,
2013) and now L. mexicana, suggesting that EV shedding plays a conserved role in
removing excess membrane during flagellar shortening or disassembly. We have
gained insights into the structural mechanisms of L. mexicana flagellar EV release by

showing that EVs are released from FM blebs and nanotubes (Figure 3.8), in a manner
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which may be analogous to pearling (McConnell and Tyska 2007, Yue, Zhang et al.
2014, Jelercic and Gov 2015). We have generated nine KO cell lines for candidate EV
biogenesis and flagellar length control proteins but all of these still undergo flagellar
shortening and form FM nanotubes. We have therefore not fulfilled our aim of
uncovering the underlying molecular mechanisms of L. mexicana FM shedding. In
further studies on these mutants, it would however be interesting to test whether
they regulate the release of other classes of Leishmania EVs or the frequency of

nanotube formation. (Figure 3.13).

Whether EV release is the main mechanism driving flagellar shortening in L. mexicana
is unclear; it is also possible that increased endocytosis from the FP reduces FM
surface area. However, based on our estimates of flagellar surface area and the total
surface area of shed EVs isolated from cells during flagellar shortening (Chapter 3
Discussion), EV release alone could account for excess FM loss. Total and flagellar EV
release increases during differentiation (Figure 3.21B, Figure 3.22), and virulence
factors including GP63 and EF-la are present in EV samples (Table 4.2); this is
consistent with our hypothesis that EVs from the shortening flagellum deliver
virulence factors. What is missing from this argument is data comparing the protein
composition of flagellar-derived L. mexicana EVs to EVs from other subcellular
sources. There are at least two ways in which the flagellum could deliver virulence
factors via EVs: i) as a specialised membrane domain for enrichment and shedding of
virulence factors or (ii) assuming a homogenous distribution of virulence factors
across the parasite surface, EV release during flagellar shortening could facilitate
virulence factor delivery. Again, the ability to specifically isolate flagellar-derived EVs

would enable this comparative analysis.
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6.4. L. mexicana promastigotes and EVs have similar effects on macrophage cytokines
Next, we carried out macrophage cytokine analysis comparing the effects of L.

mexicana infective promastigotes, to isolated EVs from promastigotes and
differentiating Leishmania. This study provides the first broad macrophage cytokine
analysis comparing the effects of live parasites and EVs under the same experimental
conditions. Strikingly, all three biological samples induce similar cytokine changes
when incubated with macrophages (Figures 5.4-5.7). This raises several interesting
guestions. Does this mean that the effects of promastigotes are largely due to EV
release, since EVs alone induce the same effects? Or, are the effects due to
Leishmania factors/PAMPs which are equally present in whole cells and EV samples?
Mutant cell lines which cannot release EVs would help address this question.
Secondly, although the ratio of flagellar to cell body-derived EVs is much greater in
DIF than PRO EVs (Figure 3.21B), PRO and DIF EVs have similar effects on macrophage
cytokine production. Therefore the factor(s) responsible is unlikely to be enriched in
flagellar EVs. This would support scenario (ii) (above) whereby flagellar shortening
facilitates the release of virulence factors which are localised throughout the cell, and
is consistent with our identification of LPG, which localises across the parasite surface,
as a major contributor to cytokine effects. This is also consistent with our MS analysis,
which does not reveal striking differences in proteomic composition (particularly
regarding the most abundant proteins) between PRO and DIF EVs (Appendix 1, Table
4.2). Stationary phase promastigotes are enriched in infective metacyclic parasites
which, like subsequent differentiating parasites, are present at the early stages of
mammalian infection; therefore it is not surprising that EVs from both life cycle stages

induce similar effects on macrophages and perhaps play similar roles in establishing
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infection. To fully address whether flagellar-derived EVs are functionally different to
other EVs, it would be necessary to isolate EV sub-populations from different

subcellular origins to compare their effects on cytokine production.

DIF cells release ~45% more EVs than PRO cells (Figure 3.22), therefore ~45% more
DIF EVs than PRO EVs were incubated with macrophages before cytokine analysis, yet
both samples induced similar effects (Figure 5.4-5.7). Our data does not therefore
support the biological significance of increased EV production during differentiation
and flagellar shortening. However, it is possible that the effects on macrophage
cytokine production may be saturating at the EV concentrations used here (which we
believe are likely to be physiologically relevant, see Chapter 5 Discussion), such that a
45% difference in EV numbers would not elicit changes in cytokine production. We
conclude that all three L. mexicana samples have similar capacities to induce changes
in macrophage cytokine production and are therefore likely to contain common

virulence factors.

6.5. Chemokine downregulation in response to L. mexicana samples
The key observation is the consistent reduction in CXCL1, CXCL11 and CXCL10 levels

in LPS/IFNy-stimulated macrophages in response to L. mexicana promastigotes and
EVs. This effect is robust and consistent across murine BMDMSs (Figure 5.11) and
human iPSC-derived macrophages (Figure 5.4). The CXCL10 effect is the most
dramatic, with Leishmania samples inducing up to an 8-fold reduction in levels (Figure
5.4); to our knowledge this is the first report of Leishmania-dependent
downregulation of CXCL10 levels. Crucially, is an 8-fold change in CXCL10 level likely
to have an effect in vivo? A study in C57BL/6 mice found that a 10-fold increase in
CXCL10 concentration administered by injection leads to a 5-fold increase in CD8T cell
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(other cell types were not investigated) recruitment to the lungs (Campanella et al.,
2006), suggesting that an 8-fold change could also have substantial effects. CD8 T cells
are thought to play an important role in an effective Thl immune response and

parasite clearance during Leishmania infection (da Silva Santos and Brodskyn, 2014).

6.6. Chemokine downregulation is partially dependent on virulence factor LPG
We met our goal of identifying parasite factors responsible for inducing changes in

cytokine production: LPG contributes to chemokine downregulation (Figure 5.10,
Figure 5.11). Regarding EV-dependent downregulation of CXCL10 in human
macrophages, LPG appears to account for the entire effect (Figure 5.10D). We show
for the first time that LPG is present in EV samples (Figure 4.1G) and affects the
macrophage cytokine response when delivered via crude EV preparations (Figure
5.10, Figure 5.11). This suggests that EVs are a major delivery route for LPG; the
delivery route has until now been a major open question in the Leishmania field.
However, this conclusion comes with the caveat that LPG may be present in EV
samples as a freely secreted molecule rather than an integral EV component. An
important future experiment would be to incubate macrophages with purified LPG to
see whether LPG alone reduces secreted chemokine levels. Although immuno-gold
staining suggests that at least a fraction of LPG in EV samples is EV-associated (Figure
4.16), further investigation is needed. Interestingly, we show that fewer EVs are
consistently isolated from LPG-deficient L. mexicana cells (Figure 5.12), either because
fewer EVs are released initially or for technical reasons relating to differences in
surface charge. The EV sample volume added to macrophages for cytokine analysis
was always calculated based on the number of cells from which the EVs were isolated,

rather than EV numbers in the final sample. Therefore we cannot tell whether the
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contribution of LPG to chemokine downregulation is due to lack of LPG in EVs or
reduced delivery of EVs containing another factor. Live promastigotes also show the
same LPG-dependent effect, however, therefore whatever the mechanism, LPG has a
biological effect on macrophage cytokine production. This could again be due to the
lack of LPG in EVs or reduced promastigote EV release. To address this, equal numbers
of EVs from parental and LPG-deficient cells could added to macrophages to see

whether they induce the same effects.

We find, consistent with published murine studies (llg, 2000), that LPG-deficient L.
mexicana parasites are able to survive and replicate in human macrophages, albeit
with slightly different infection kinetics from parental parasites (Figure 5.13). This
raises doubt about the biological significance of LPG-dependent changes in
chemokine levels during infection. However, macrophage studies cannot be used to
infer conclusions about the importance of LPG during systemic infection.
Furthermore, the main action of macrophage chemokines is regulating chemotaxis of
other cell types, (T cells in the case of CXCL10) (Dufour et al., 2002). Therefore, it is
not surprising that changes in chemokine secretion do not impact on L. mexicana

survival within isolated macrophages.

6.7. Molecular mechanisms of macrophage chemokine downregulation
We aimed to elucidate the signalling targets in the macrophage responsible for

chemokine downregulation by Leishmania samples. Phosphoproteins Erk1/2, STAT1,
STAT3 and p38 (Figure 5.15) and transcription factors NFkB and AP-1 do not appear
to be responsible (Figure 5.17, Figure 5.18), therefore the signalling targets in the
macrophage remain unknown. However, we speculate that under the conditions
where chemokine downregulation is observed, it is likely that the LPS/IFNy-
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prestimulated macrophages are in a state of LPS tolerance (Seeley and Ghosh, 2017)
and therefore cannot secrete further amounts of certain cytokines, including CXCL10,
after the addition of Leishmania samples. Therefore, for Leishmania samples to
reduce secreted chemokine levels, we reason it would be via removal of existing
secreted chemokine rather than inhibition of de novo synthesis and secretion. We
propose that future studies under these experimental conditions should focus on
determining to what extent degradation and uptake from the medium modulate

extracellular chemokine levels.

6.8. The importance of CXCL10 in Leishmania infection and therapeutic potential
Our finding that levels of secreted macrophage CXCL10 are reduced by L. mexicana

samples is of interest in the context of the literature (discussed in the Chapter 5
Introduction) showing that in mice CXCL10 promotes a protective Thl response and
Leishmania parasite clearance (Vasquez and Soong, 2006, Figueiredo et al., 2017). It
therefore makes sense that Leishmania parasites would have mechanisms to reduce
CXCL10 levels; we show for the first time that this is the case in macrophages. A recent
study investigated the therapeutic potential of CXCL10-based treatment of murine L.
major infection (Montakhab-Yeganeh et al., 2017). Either a plasmid encoding CXCL10
or live Leishmania tarentolae (L. tarentolae, a non-pathogenic species which infects
lizards) parasites expressing murine CXCL10 were used; plasmids were injected once
a week and L. tarentolae twice a week into L. major-infected footpads over six weeks
(regular injection is necessary because L. tarantolae is usually cleared within days).
Both treatments reduced parasite burden by ~30-fold after three weeks (Montakhab-
Yeganeh et al., 2017). Importantly, this reduction was comparable to that induced by

the positive control, liposomal amphotericin B, which is a second-line drug used to
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treat cutaneous leishmaniasis. Treatments with CXCL10-expressing L. tarentolae were
particularly effective at enhancing the protective Th1 response (Montakhab-Yeganeh
et al., 2017). Efficacy of L. tarentolae expressing CXCL10 has also been shown by the
same lab in the treatment of breast cancer in mice (Taslimi et al., 2016). Independent
corroboration of the efficacy of CXCL10-expressing L. tarentolae as an
immunotherapeutic would bolster the case for taking it forward to clinical trials. While
CXCL10 is considered a promising immunotherapy candidate based on its efficacy in
animal studies in treating cancer as well as viral, bacterial and leishmanial infections
(Mohit and Rafati, 2012) and chemokine immunotherapy more widely is considered
to be a promising approach (Nagarsheth et al., 2017), to our knowledge no CXCL10-

based treatments are currently approved for human use.
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Figure 6.1. Summary of thesis conclusions. L. mexicana parasites release EVs from their
flagellum (1), as well as from the cell body membrane (2), inside the PV of host macrophages.
Exosomes may also be released from multi-vesicular bodies (3), but the presence of these
organelles in L. mexicana is uncertain. During the early time-points of infection, when
infective promastigotes are differentiating to amastigotes and undergoing flagellar
shortening, there is also an increase in the release EVs and the ratio of flagellar- to cell body
membrane- derived EVs. L. mexicana EV samples contain virulence factors including LPG (4),
which may be present as a secreted factor (5) or an integral EV component. EVs and/or
secreted factors released inside the PV signal via unknown signalling pathways in an LPG-
dependent manner to the macrophage, resulting in decreased levels of secreted CXCL1,
CXCL10, CXCL11 and possibly IFNy. Downregulation of these cytokine levels is likely to be via

increased uptake and/or degradation.
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6.9. Conclusions
We show that the L. mexicana flagellum is a source of EVs. Flagellar-derived EVs

appear to constitute a major fraction of total EVs, the cell body membrane is the
source of a less abundant population of EVs and the abundance of MVB-derived
exosomes, if they exist in Leishmania, is unknown. The functional and compositional
differences between L. mexicana EVs from different subcellular sources remains an
interesting open question. We place L. mexicana alongside C. reinhardtii and
mammalian cells in displaying the recently described phenomenon that flagellar
shortening and EV release are linked. The extent to which this is a causal link and the
underlying molecular mechanisms remain to be elucidated in L. mexicana. The major
finding from this study is the previously undescribed reduction in secreted levels of
CXCL- chemokines, including CXCL10, from LPS/IFNy stimulated macrophages after
exposure to Leishmania promastigotes or isolated EVs. This is consistent with the
published protective role of CXCL10 in Leishmania infection, suggesting a benefit to
the parasite in reducing host CXCL10 levels. Our data suggests that the well-studied
virulence factor LPG may be delivered to macrophages via EVs, although further work
is required to confirm this. Chemokine downregulation is partially LPG-dependent.
This could be due to the direct action of LPG or to LPG-dependent modulation of L.
mexicana EV properties and/or release. We speculate that novel mechanisms of

chemokine downregulation such as degradation and uptake are responsible.
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