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Abstract

Macrophages are phagocytic cells of the innate immune system, which have a central
role in immune surveillance, tissue homeostasis and the immune response to
bacterial, viral, protozoan and helminth parasites. It is now appreciated that many
tissue resident macrophage (resM®) populations, including those in the peritoneal
and pleural cavity, are derived prenatally prior to the establishment of definitive

haematopoiesis in the bone marrow.

Once seeded, these resM® populations are long-lived and capable of self-renewal via
in situ proliferation driven by CSF-1. An inflammatory insult, such as bacterial
infection, results in the recruitment of bone marrow derived macrophages (BMDM®)
and the disappearance of the resM® population. BMDM® recruited to the site of
infection become classically activated upon engagement of pathogen recognition
receptors and subsequent STATI induction. Classically activated macrophages
(CAMO®) are highly bactericidal through the production of inflammatory cytokines,
which direct the Tyl immune response, and upregulation of iNOS to generate high
concentrations of intracellular nitric oxide. During resolution of acute inflammation
resM® undergo a CSF-1 driven proliferative burst to repopulate the tissue. In
contrast to bacterial infection, helminth parasites drive a Ty2 immune response
characterised by CD4" T cell production of IL-4, which induces proliferation and
alternative activation of the resM® population, thereby overcoming the need for an
inflammatory influx of BMDM®. Alternatively activated macrophages (AAM®) are
generated through signalling from the IL-4Ra subunit and subsequent expression of
the molecules RELMa, YMI1 and arginase-1. While both BMDM® and resM®
upregulate RELMa, YM1 and Arg-1 in response to IL-4Ra stimulation, microarray
analysis revealed an otherwise diverse transcriptional and cell surface phenotype
between these populations. It was hypothesised that the diverse modes of
macrophage accumulation enlisted by bacterial and helminth parasites, combined
with the distinct alternative activation phenotypes employed by BMDM® and resM®
populations would translate into important functional differences as regards anti-

parasitic immunity.
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Chapter 1 and 2 of this thesis addresses the importance of macrophage origin during
infection with the filarial nematode Litomosoides sigmodontis, taking advantage of
the naturally occurring resistant C57BL/6 and susceptible BALB/c strains. A large
disparity in M® accumulation was observed throughout the infection time course,
with significantly larger numbers present within the pleural cavity of resistant
C57BL/6 mice. This difference in M® number was a reflection of enhanced F4/80™
resM® accumulation. Through Ki67" staining and the use of CCR2” and partial
bone marrow chimeric mice, the expanded F4/80™ population in resistant C57BL/6
mice was shown to be a result of proliferation of the local F4/80"GATA6'CD102"
resM® population. A high degree of BMDM® incorporation into the resM® pool
through assumption of an F4/80"GATA6 CD102" phenotype was observed in both
naive and infected bone marrow chimeric animals, supporting a recent publication
showing gradual incorporation of these cells into the resM® niche with age.
Importantly, the degree of BMDM® incorporation into the F4/80" population was
equivalent between naive and infected animals, despite a 27-fold difference in cell
number, illustrating that expansion is a result of proliferation of local resM®,

independent of origin.

Susceptibility was marked by reduced resM® proliferation and enhanced recruitment
of bone marrow derived F4/80'° M® and monocytes. These recruited BMDM®
displaced the resM® population, failed to integrate the resM® niche and were highly
positive for PD-L2, a marker specific to BMD AAM®. Prevention of monocyte
influx and subsequent resM® displacement resulted in increased worm killing and a
stronger Ty2 immune response in susceptible BALB/c mice, thereby confirming a
detrimental role for BMD AAM® in worm killing. Conversely, in order to confirm a
protective role for the expanded resM® in resistant C57BL/6 mice we attempted to
deplete the resM® population through intrapleural delivery of clodronate-loaded
liposomes. Due to technical issues we were unable generate statistically significant
results when depleting the resM® population, however a trend toward decreased

worm killing in the absence of resM® is evident.

Previously generated microarrays in the lab identified the complement cascade as

being highly upregulated by AAM® induced in response to Brugia malayi infection

Xii



compared to BMDM® (thioglycollate elicited). To investigate the role of
complement in resistance to L. sigmodontis, Chapter 3 briefly phenotypes the
macrophage compartment of C3” C57BL/6 mice during infection. No differences in
worm burden or macrophage phenotype could be detected in C3”" mice compared to
WT controls, however this may be explained through differences in strain or M®
origin. This chapter provides an important foundation for future studies on

complement and its role in worm killing during L. sigmodontis infection.

The final chapter of the thesis focuses on examining the bactericidal capabilities of
BMD and resM® populations. An in vitro system was utilised to assess the
interaction of bone marrow derived macrophages (thioglycollate elicited) and
ResM® (from naive mice) with Sa/monella enterica serovar Typhimurium SL3261. I
found that in vitro BMDM® are infected by/ingest SL.3261 to a much greater degree
than resM®. The resM® population is less efficient at both controlling the spread
and killing intracellular SL3261 overtime, compared to the BMDM® population. /n
vivo however, there appears to be no difference in the ability of the monocyte derived
F4/80" M® and the F4/80" resident M® to be infected by/ ingest SL3261, nor was a

difference in bactericidal ability detected.

Ultimately my work highlights that the anti-parasitic functions of M® populations
are not dictated by origin but rather the activation phenotype upon infection and

ability to respond to local stimuli.
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Chapter 1 Introduction

The immune system has evolved to protect the host from invasion by a wide variety
of pathogenic organisms; viruses, bacteria, fungi and parasites. In order to mount an
effective response against such a diverse range of pathogens distinct immunological

responses are elicited.

The immune system is activated once the physical barriers of the skin and mucosal
surfaces have been breached. The mucosal surfaces, such as the eye, respiratory,
gastrointestinal tract (GI) and genitals tracts are most exposed to the environment
and thus to pathogenic infection. The mucosal layer overlying the intestinal epithelial
barrier contains antibacterial proteins such as defensins and cathlicidins, secretory
IgA antibodies and complement proteins, which collectively aim to destroy the

pathogen before it interacts with the underlying epithelial barrier.

However, when these mechanisms fail and the epithelial layer is breached the
immune system is activated. Classically the immune system has been described as
consisting of innate and adaptive arms. Traditionally the innate immune arm was
viewed as non-specific. However as predicted by Janeway, the innate arm is highly
sophisticated, possessing an array of pathogen recognition receptors (PRRs) which
enable discrimination between self and non-self (Janeway, 1989). Additionally it has
been realised that the innate immune response plays an essential role in activating the
adaptive arm and in determining the nature of the response e.g. type 1 vs. type 2

(Edwards et al., 2002).

Macrophages and dendritic cells are innate phagocytic cells capable of presenting
antigenic peptides on their surface via MHC I/ MHC II and activating naive T cells
of the adaptive immune arm. Dendritic cells are professional antigen presenting cells
(APC), capable of ingesting apoptotic/virally infected cells and presenting peptide
via MHC I molecules in addition to presenting processed antigenic peptides on MHC
IT molecules. Antigen loaded MHC I molecules on activated DCs recognise cognate
T cell receptor (TCR) on CD8" cytotoxic lymphocytes (CTL). Activated CD8" CTL
migrate to the periphery and kill virally infected cells presenting target antigen on

MHC 1. Similarly, antigen loaded MHC II molecules bind cognate CD4" TCR, in
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local lymph nodes. To become activated naive CD4" T cells must recognise the MHC
IT loaded antigen, bind co-stimulatory molecules on the APC and receive a cytokine
stimulus. The activation status of the innate immune APC in combination with the
cytokine environment, determine the differentiation path of the naive T cell, which
can clonally expand into one of four CD4" T helper (Tx) cell subtypes; Tul, Tyl7,
Tu2 and Treg. Thus innate APCs play a central role in determining the outcome of an

adaptive immune response.

Tul and Tyl7 cells are induced in immune responses against viral, bacterial and
fungal pathogens. These cells secrete pro-inflammatory cytokines that further
activate innate immune cells, promote the development of CD8" CTL and enhance
the generation of antigen specific antibodies. T2 cells in contrast are activated in
response to helminth parasites or allergens and promote the activation of
alternatively activated macrophages (AAM®), eosinophils, mast cells and B cell

switching to produce IgE antibodies.

Regulatory T cells (Treg) act to suppress T cell mediated immune responses, limiting
damage caused by an overzealous immune response, preventing the development of

autoimmunity and ultimately maintaining tolerance.

1.1 Macrophage Origins

1.1.1 Mononuclear Phagocyte System

From the mid-19"™ century there were several accounts of the ability of leukocytes to
ingest foreign material. However it was not until 1897 that Elie Metchnikoff coined
the term phagocytosis and hypothesised this to be a host-protective mechanism
(Buryachkovskaya et al., 2013, Yona and Gordon, 2015). Since this seminal work,
the classification of M® found in the tissues, their precursors and origins have been
in continual flux and debate. In 1969 Cohn, Van Furth and Hirsch proposed the
mononuclear phagocyte system (MPS), as way in which to classify macrophages and
their precursors. The MPS was based on experiments illustrating the replacement of
resident macrophages (resM®) by monocytes derived from the bone marrow after X-
ray irradiation and chronic inflammation (van Furth and Cohn, 1968, Volkman,

1970, Ryan and Spector, 1970). The MPS stated that tissue resident macrophages
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were a terminally differentiated ‘end cell’, derived from blood monocytes, which in

turn arose from promonocytes in the bone marrow.

Since the initial discovery of the promonocytes, much research has focused on
delineating the development of macrophages from haematopoietic stem cells (HSC),
which derive from definitive haematopoiesis in the bone marrow. In 2006, the
macrophage-dendritic cell precursor (MDP) was identified as a myeloid progenitor
which gives rise to both macrophages and dendritic cells (DCs) (Fogg et al., 20006).
The MDP is negative for lineage markers and positive for c-kit (CD117, the receptor
for stem cell factor), CX3CRI1 (the fractalkine receptor, a chemokine receptor
expressed by monocytes, DCs, subsets of NK cells and T cells but not by most
differentiated macrophage populations), FLT-3 (the receptor for Fms-like tyrosine
kinase 3 ligand, which is required for the development of most DCs but not M®) and
CSF1R (CDI115, the receptor for the colony stimulating factor 1, upon which
monocyte development is dependent). Subsequently, the MDP can differentiate into
a common DC precursor (CDP) (Naik et al., 2007, Onai et al., 2007, Hettinger et al.,
2013) or a common monocyte progenitor (cMoP)(Hettinger et al., 2013), to give rise
to blood circulating pre-DCs which seed tissues with conventional DCs (CD8a’
/CD103" or CD11b") (Liu et al., 2009, Ginhoux et al., 2009) and blood circulating
monocytes (both Ly6C™ and Ly6C™) respectively (see Figure 1-1).

Ly6C™ (classical monocytes) and Ly6C'" (non-classical/patrolling) monocytes can be
found constitutively within the blood and are the murine counterparts to human
CD14°VCDI16" and CD14" peripheral blood monocytes. The relationship between
Ly6C™ and Ly6C'"® monocyte subsets is currently still debated. It is appreciated that
both arise from the cMoP, but whether Ly6C™ monocytes are a precursor to Ly6C"
monocytes remains unclear. Under homeostatic conditions, Ly6C'® monocytes derive
from Ly6C™ monocytes in the blood (Yona et al., 2013) and function in patrolling
the endothelium and recruiting neutrophils to damaged tissue (Auffray et al., 2007,
Carlin et al., 2013) (Figure 1-1). However, under inflammatory conditions Ly6C™
monocytes are recruited in a CCR2-dependent manner directly to the site of
inflammation where they differentiate into monocyte derived macrophages or

monocyte derived dendritic cells (Tsou et al., 2007, Ziegler-Heitbrock and Hofer,
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2013). The infiltration of these monocytes derived/bone marrow derived
macrophages into tissues (BMDM®) under inflammatory conditions typically results
in the disappearance of the resM® population (Barth et al., 1995). The macrophage
disappearance reaction is characterised as the inability to retrieve the resM®
population from a tissue, whether this reflects the migration of the population to
another tissue/site, increased adherence within a cavity or cellular death remains a

topic of debate.

Specialised populations of ResM® are found in the brain, spleen, lungs, liver, skin,
intestines, peritoneal and pleural spaces. Each resident macrophage population can
be identified by a distinct cell surface and transcription factor phenotype (Table 1).
Furthermore, in many tissues the resM® population exists alongside a smaller
population of recently recruited BMDM®, which were suggested to be an
intermediate cell between monocyte and fully differentiated resM®. For example
within the peritoneal cavity, the resM® population which is often referred to as large
peritoneal M® (LPM) exist alongside a more recently bone marrow derived, small
peritoneal M® population (SPM)(Ghosn et al., 2010). The rapid influx of BMDM®
into the pleural space, the disappearance of the resM® population and the
replacement of resM® by BMDM® upon lethal irradiation collectively supported the
MPS framework. However the MPS was inconsistent with reports of tissue
macrophages being long-lived and capable of local proliferation and with the
detection of macrophages in multiple tissues prior to the establishment of definitive

haematopoiesis in the bone marrow (Melnicoff et al., 1988, Naito et al., 1996).
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Table 1 Tissue Macrophage phenotype and function

References: Microglia - (Butovsky et al., 2014). Red pulp M® -(Kohyama et al., 2009, Haldar et al.,
2014). Skin -(Tamoutounour et al., 2013, Merad et al., 2008). Kupffer cells- (Scott et al., 2016).
Intestines- (Bain et al., 2014). Peritoneal and pleural M® -(Okabe and Medzhitov, 2014, Rosas et al.,
2014, Wang and Kubes, 2016).

Transcription Functional

Tissue Cell surface phenotype factors specialization

CD117+, Iba1*,CX3CR1*,

Brain -Microglia CD11c°,CD86°, MHC I1° SMAD1/2* Immune surveillance
Spleen — red pulp M® F4/80", CD11b°, VCAM1", TREML4"  gp|-C+ Iron recycling
L _ alveolar M® CD11b', F4/80*. CD11c""*, SigF* Immune surveillance and

Sl o surfactant clearance
Skin — Langerhans cells- CD11b*,CD24"°,Ly6C-, CD64", MHC II°, Immune surveillance/
dermal DCs CD207+, CD11c*, F4/80* antigen presentation
Liver — Kupffer cells CLEC4F*, F4/80*, CD11b™ Iron recycling
oot Lin",CD11c*,F4/80°, CD11bM, CD64™, Immune surveillance and

ik CX3CR1" tolerance
g e . L i

I;(?Srll\}l?eal and pleural (L_‘,IB1%2D+11C ,CSF-1R*, CD11b*, F4/80", GATAG* Wound repair
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Bone Marrow

Lin-
C-Kit*
FLT3*
CSF1R*
CSF-1
Lin- Lin-
C-Kitlo C-Kit*
FIt3* FIt3-
CSF1R* CSF1R*
DNGR-1* Ly6C*

/ \G‘M-CSF
LyBCh' Lyaclow

CD115-

cD11er
EI[‘_‘FG;'T DNGR-1*
o ZBTB46*

Blood J LyGChI LyGC'°W

—_—
CCR2+ CD43+
CD62L CD62L-
CX,CR1mid CX,CR1

/ Ny

Tlssue Monocyte- Monocyte-derived Patrolling
cDCs
derived DC macrophage monocyte
I CD8a*/CD103*
or CD11b+

Figure 1-1 Monocyte and dendritic cell development in the murine

bone marrow

Adapted from (Schraml and Reis e Sousa, 2015, Ginhoux and Jung, 2014). In the bone marrow,
hematopoietic stem cells (HSC) give rise to granulocyte macrophage progenitors (GMP), which in
turn give rise to the macrophage dendritic cell precursor (MDP). The MDP is negative for lineage
markers: CD11b, CD3, CD19, NK1.1.Ia", CD11¢, B220, Ter-119 and Grl.Common DC precursors
(CDP) and common myeloid progenitors (¢cMOP) arise from the MDP. Within the bone marrow, CDP
differentiate into plasmacytoid DCs, which are integral to antiviral immunity and Pre-DCs which
subsequently enter circulation and seed tissues with conventional dendritic cells (¢cDCs). pDCs
terminally differentiate in the BM and migrate through the circulation to the tissues. The cMOP gives
rise to Ly6C™ and Ly6C'"™™ monocytes. In the steady state Ly6C" monocytes patrol the endothelium
and recruit neutrophils upon detection of damage. Ly6C monocytes are rapidly recruited to the site
of inflammation in a CCR2-dependent manner, these cells subsequently differentiate into monocyte
derived macrophages/ bone marrow derived macrophages (BMDM®) or monocyte derived DCs.
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1.1.2 Prenatal origin of resident macrophages

Definitive haematopoiesis is the second wave of haematopoiesis that is initiated in
the aorta, gonad and mesonephros (AGM) region of the embryo from embryonic day
10.5 (E10.5). From the AGM HSCs migrate to the foetal liver, which is the primary
haematopoietic organ from E11.5 (Lichanska and Hume, 2000, Orkin and Zon,
2008). It is these HSCs, which originate from the AGM region that seed the foetal
bone marrow, giving rise to foetal monocytes and eventually the adult bone marrow.
Primitive haematopoiesis is the 1** haematopoietic wave, which arises from the extra-
embryonic yolk sac between embryonic day 7 - 9 (E7-9) (Lichanska and Hume,
2000, Orkin and Zon, 2008). This occurs prior to the establishment of definitive
haematopoiesis and the two waves are independent of one another. Investigation into
the contributions of primitive vs. definitive haematopoiesis to the seeding of resM®
populations was hindered until recent years by the lack of fate mapping models.
However, since 2010 there has been an explosion of research into this area resulting

in a paradigm shift in how we view macrophage origin.

Expression of runt-related transcription factor 1 (runxl1) is first detected at E6.5 and
is restricted to the YS until E8.0. Through crossing of tamoxifen inducible
Runx]MER-Cre-MER mice to Roasa26™%%e"P/R6-eFP nice Ginhoux et al.
generated mice in which a single injection of 4-hydroxytamoxifen (4’0OHT) into
pregnant females results in irreversible expression of eYFP by Runx1” cells and
subsequent progeny within a 24-hour window. Consequently, injection of 4’0OHT at
E7.25-7.5, during primitive haematopoiesis, resulted in detection of eYFP"
macrophages throughout the embryo including the microglia at E10.5. However only
microglia remained eYFP' in adult mice, highlighting that the brain resM®
population can be seeded prenatally independent of HSC and can be maintained until
adulthood, whereas most other tissues would appear to be dependent on HSC
development (Ginhoux et al., 2010). At this time point our lab was actively
investigating the role of M®, which accumulate within the pleural space, during
infection with the filarial nematode Litomosoides sigmodontis. Through intravenous
injection of clodronate loaded liposomes and infection of partial bone marrow
chimeric mice, it was discovered that the large accumulation of M® within the

pleural space was a occurring independently of blood monocyte recruitment and was
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the result of local resM® proliferation, driven by the Ty2-derived cytokine IL-4
(Jenkins et al., 2011). Furthermore the resM® population was shown to proliferate,
under the control of CSF-1, in the resolution of zymosan-induced inflammation to
reconstitute the resM® compartment (Davies et al., 2011). This data highlighted that
in the face of mild inflammation, the resM® population recovers rather than be
replaced by infiltrating BMDM® (Davies et al., 2013). Consequently, through
analysis of the macrophage compartment of mice deficient for the transcription factor
Myb (myb”), which is necessary for the development of HSC, Schultz et al. showed
that CD45'F4/80"CD11b" macrophages of the skin (Langerhans cells), spleen
(Kupffer cells), pancreases, kidney and lung (Alveolar M®) develop normally in
Myb” mice, illustrating the independence of these resM® populations from
hematopoietic bone marrow precursors (Schulz et al., 2012). Further studies carried
out using Cx3crI®“** and Cx3Cri“*:R26-yfp mice, in which cells constitutively
expressing CX3CRI1 are positive for GFP and YFP whereas those which originated
from a CX3CRI1 positive precursor but no longer express CX3CR1 are GFP
negative, reiterated the prenatal origin of microglia, splenic M®, Kupffer cells,
Langerhans cells, alveolar M® and extended these finding to resM® of the peritoneal
cavity (Yona et al., 2013). Tissues resident macrophages in the lung, spleen,
peritoneum and BM were subsequently shown to be long-lived and capable of self-
renewal following irradiation, through in situ proliferation driven by the cytokine

Colony Stimulating Factor 1 (CSF-1)(Hashimoto et al., 2013).

Thus, by early 2013 the view of M® origin had changed substantially with it
becoming increasingly clear that the majority of tissue resM® populations are seeded
prenatally independent of definitive haematopoiesis. These prenatally seeded resM®
are long-lived, capable of local expansion during Ty2 driven inflammation, disappear
during classical inflammation, yet return to repopulate their niche through local
proliferation. Amidst the realisation that resM® are prenatally derived were the
observations that BMDM® contributed to the resident niche of several tissues under
homeostatic and inflammatory conditions. Specifically, intestinal M® are continually
replenished from the bone marrow and this was hypothesised to be a result of the
degree of environmental exposure. Furthermore, 2 months post thioglycollate (fungal

extract frequent used to induce inflammation) induced BMDM® recruitment to the
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peritoneal cavity of Cx3cr1“*":R26-yfp mice, RFP" cells could be still be detected in
the cavity and they had assumed a MHC'°F4/80™ phenotype characteristic of resM®
in this tissue (Yona et al., 2013). Also, IL-4 driven proliferation was not restricted to
resM® but was capable of inducing heightened proliferation to BMDM® (Jenkins et
al., 2011)

Consequently, a central question in the field centred on whether tissue resM® and
BMDMO®, which arose from distinct lineages, possess diverse functional capabilities.
Specifically, are resM® evolutionarily more involved in development of the embryo,
tissue homeostasis and specific anti-parasitic immunity? Conversely, did monocyte-
derived macrophages arise to tackle bacterial and viral infections? And can
monocyte-derived macrophages, which replace resM® under irradiation protocols,

truly recapitulate the phenotype and function of these prenatally seeded cells?

With this knowledge I embarked upon my research project, initially asking whether
the expanded resM® population found within the pleural cavity of L. sigmodontis
infected C57BL/6 mice described by Jenkins et al. 2011 was important in the killing
of adult worms. Conversely, I wanted to ask whether BMDM® possess heightened
bactericidal capabilities when compared to resM®. However, this is a field
continually in flux and data is now accumulating to suggest that while many tissues
are indeed seeded by prenatally derived macrophages, these cells are continually
replenished with BMDM® at a rate, which appears to be highly tissue and context

specific.

1.1.3 Replenishment of resM® populations from the bone
marrow with age

Colonic lamina propria macrophages are seeded initially from the yolk sack,

however these cells are no longer detectable in new-born mice (Csf7r-Mer-iCre-Mer

mice, crossed with Roasal6®?0ReFPRICEP with #OHT at ES8.5), having been

+/GFP

replaced by foetal liver (FL) derived monocytes (Cx3crl
2014). This FL-derived resM® population (F4/80hiCD11bl°) is the dominant M®

mice)(Bain et al.,
population in the lamina propria at birth but diminishes in prominence with age due

to replacement by infiltrating BMDM® (F4/80°CD11b"™). The blood-derived

monocytes, which infiltrate the colonic lamina propria to replace these resident

Chapter 1 — General Introduction



macrophages, form a characteristic ‘monocyte waterfall’ as they mature from a
Ly6C " MHCIT'CX3CR1™CCR2" through an intermediary
Ly6C"MHCIT'CXCR1"™CCR2" activation state to differentiate into cells expressing
the phenotypical colonic M® cell surface markers MHCII'CXCRI™CCR2
F4/80°CD11b"™. This study highlighted that while intestinal macrophages are
prenatally seeded, these cells are relatively short lived compared with other resM®
populations and are continually replenished from the bone marrow by monocytes
(Bain et al., 2014). Circulating Ly6C" monocytes have now been shown to contribute
to the resM® pool in the skin and heart under both inflammatory and homeostatic
conditions (Tamoutounour et al., 2013, Epelman et al., 2014, Molawi et al., 2014).
Most recently, Bain et al. highlighted that resident F4/80"CD11b°GATA6" resM®
within the peritoneal and pleural spaces, while prenatally derived and detected for a
period of 4 months, are gradually replenished from the bone marrow with age by
Ly6C" monocytes which mature through an intermediary MHC™F4/80" cell surface
phenotype. Furthermore, this replacement was highly gender dependent with female

mice displaying a higher rate of macrophage turnover (Bain et al., 2016).

1.1.4 Residency is a result of local conditioning signals

Consequently, opinions are divided on whether origin truly imprints any
phenotypical or functional characteristics upon M® that cannot be impressed upon
BMDM®. As such, light has been shed on the local environmental signals that drive
tissue specific transcription factors resulting in functional differentiation of resM®.
The transcription factor SPI-C is essential in driving the iron recycling abilities and
thereby homeostatic function of red pulp macrophages (RPM) of the spleen, the
absence of SPI-C results in defected RPM development and accumulation of
unprocessed iron in the spleen (Kohyama et al., 2009). Heme, a product of red blood
cell degradation, has been identified as the local tissue factor responsible for driving
SPI-C expression within the spleen (Haldar et al., 2014). Furthermore, following
drug induced-hemolysis, which results in RPM deficiency, heme can repopulate the
RPM compartment through driving the functional specialisation of monocytes

through inducing SPI-C expression (Haldar et al., 2014).
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Microglia possess a unique hyporesponsive phenotype (CD86'°, MHCII®, CD11c",
CX3CRI1™), in order to prevent excessive inflammation in this highly privileged
tissue, compared with other resM® populations. The cytokine TGF-B, which is
present within the CNS during development, is essential in driving the smad TFs that
maintain this activation state of microglia (Abutbul et al., 2012, Butovsky et al.,

2014).

The transcription factor GATAG6 controls the expression of 39% of peritoneal M®
specific genes and is selectively expressed by resident peritoneal and pleural M®
when compared to lung, liver, spleen, intestinal, adipose, bone marrow and foetal
M® (Rosas et al., 2014, Okabe and Medzhitov, 2014). A reduction in total resM®
number and loss of the characteristic CSFIR'F4/80" MHC,CD11b"° resM®
phenotype was observed in M®-specific GATA6 KO mice (Gata6-KO™* |/ Mac-
Gata6 KO), highlighting the importance of this TF in maintaining resM® phenotype.
Okabe and Medzhitov found that GATAG6 expression was driven by retinoic acid, the
end metabolite of vitamin A degradation, which is released by the omentum (a fat-
associated lymphoid follicle of the peritoneum). Consequently, as mice on a vitamin
A deficient diet aged, the dominance of the GATA6"'CCR2 MHC"°F4/80" resM®
population declined and the presence of a GATA6 CCR2"MHC"F4/80™ BMDM®
macrophage population emerged within the cavity (Okabe and Medzhitov, 2014).
Okabe and Medzhitov hypothesise that vitamin A deficiency results in recruitment of
inflammatory M®. However, given the recent work by Bain et al, the appearance of
this BMDM® population in the peritoneum of aging mice probably reflects the
influx of BMDM® that occurs under homeostatic conditions to replenish the resM®
population, but in the absence of retinoic acid these cells are unable to integrate into
the niche. Furthermore, the inability of small peritoneal macrophages (F4/80') and
inflammatory macrophages (elicited by thioglycollate injection) to upregulate
GATAG6 when co-cultured with ATRA (trans-retinoic acid) for 24 hours was a result
of epigenetic silencing at the gata6 locus, as noted by the presence of a Histone 3
lysine 27 trimethylation (H3K27me3)(Okabe and Medzhitov, 2014). However, Bain
et al. have demonstrated that BMDM® which integrate into the local peritoneal and
pleural M® populations can assume GATAG6 expression (Bain et al., 2016), perhaps

due to the presence of a local tissue factor able to activate the gata6 locus by
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replacement of H3K27me3 with H3K4me3. Rosas et al. highlighted the role for
GATAG in enabling resM® to proliferate and repopulation the peritoneal cavity after
acute peritonitis induced by zymosan (Martin et al., 2001, Rosas et al., 2014).

Thus local tissue factors such as heme, TGF- and retinoic acid are capable of
inducing the functional differentiation of bone marrow derived macrophages, under
conditions of RPM hemolysis, in vitro and under homeostatic conditions,
respectively. In order to address if BMDM® that integrate into the local niche are
transcriptionally identical to their prenatal four founders Lavin et al. carried out
detailed analysis of the enhancer landscape of resM® from WT mice and compared
this to the enhancer landscape of tissue resM® 4 months post reconstitution of host
mice after lethal irradiation. Indeed, almost all resM® enhancers were assumed by
BMDMO®, highlighting that tissue driven specialisation rather than origin is likely the
primary driver of M® function (Lavin et al., 2014). Similarly, through delivery of
either YS, FL or BMD M®d/monocytes intranasally to ¢sf2rb” mice, which lack the
GM-CSF receptor and subsequently alveolar M®, van de Larr et al. illustrated that
M® populations of distinct origin could all give rise to functional alveolar M® with
near identical transcriptional phenotypes. Thus, experiments to date have failed to
identify any functional capabilities imprinted upon a M® at origin that cannot be
induced by the local tissue environment. However, as investigation into this field
intensifies, origin specific functions may be identified. It may be that prenatally
derived M® are essential in ensuring correct development in utero. Furthermore, the
responsiveness of BMDM®, as determined by their enhancer landscape, is also
important in enabling successful integration into the local M® compartment and also

determines how this cell will respond to subsequent stimuli.

1.2 Macrophage Activation

A recent review article by Murray et al. suggests that the term ‘macrophage
activation’ should now replace the out-dated phrase of ‘macrophage polarisation’,
which was historically generated to describe the distinct M® activation profiles
induced by IFNy and/or TLR agonists vs. that induced by IL-4 (Murray et al., 2014).
It is now appreciated that the activation profiles induced by TLR agonists, IFNy and
TLR agonists, IFNy alone, IL-4, IL-10, glucocorticoids (GC), TGF-B, or immune
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complexes are unique and distinct from one another. Consequently, attempting to
arbitrarily segregate these activation profiles as either classically (M1) or
alternatively activated (M2) over simplifies the complexity of M® activation. This
results in confusion in the field as a result of inaccurate association of specific
function with broadly defined activation phenotypes. Moving forward, Murray et al.
suggest that the activating stimuli (e.g. M(IFNy) vs. M(IL-4)), resultant TF
activation, cytokine production, chemokine production, scavenger receptor
expression and amino acid metabolism should be noted to enable true
characterisation of an activation profile (Murray et al., 2014) (See Table 2 and Figure
1-2). While this model should be applied to in vitro research it may prove more
difficult to translate into the in vivo setting, where a cell is rarely activated by one

stimulus and indeed many of these stimuli remain unidentified.

The ‘classically activated M®’ was first noted by Mackaness in the 1960s as the
enhanced bactericidal ability of M® upon exposure to BCG (Mackaness, 2014).
Subsequently, an array of pathogen recognition receptors (PRRs) (e.g. TLRs, RLRs
and NLRs)(Akira, 2011) were identified which enable M® to recognize pathogen
associated molecular patterns (PAMPs) of bacterial and viral antigens. PRR
engagement and/or stimulation with inflammatory cytokines results in the initiation
of signal transduction pathways, which polarize the macrophage toward a phenotype
characterised by the transcription factor STATI, production of inflammatory
cytokines TNFa, IL-6, IL-12 and activation of the enzyme inducible nitric oxide
synthase 2 (iNOS). iNOS generates high concentrations of bactericidal nitric oxide
(NO) within the pathogen-containing phagolysosome through degradation of L-
arginine (Fang, 2004). However, it is now known that while M(LPS), M(LPS+IFNYy)
and M(IFNy) all induce pSTATI1",Socsl’, Nfkbiz', Nos2’, only M(LPS) and
M(LPS+IFNY) secrete TNFa, IL-6 and IL-27. Furthermore, M(LPS+IFNy) produce
IL-12a necessary for Tyl CD4" cell induction and possess the highest degree of

Nos2 activation and thus bactericidal capabilities.

The realisation that IL-4 and IL-13, the products of CD4" Ty2 cells, induced
expression of the mannose receptor and increased phagocytosis of M® in vitro

resulted in Stein, Doyle and colleagues to propose the assumption of an ‘alternatively
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activated M®’ (AAM®) phenotype characterised by the expression of the mannose
receptor (Stein et al, 1992, Doyle et al., 1994). Subsequent studies of the
transcriptional phenotype of AAM® in vivo identified molecules RELMa (Resistin-
like molecule a; aka FIZZ1), the chitinase-like molecule YM1 (Nair et al., 2003,
Raes et al., 2002, Loke et al., 2002) and the enzyme arginase-1 (Arg-1)(Munder et
al., 1998), which are now routinely used collectively to identify AAM® both in vitro
and in vivo. Indeed RELMa, YM1 and Arg-1 are considered the ‘Big Three’
molecules of alternative activation. Today, this AAM® phenotype best describes
M(IL-4). IL-4 binds the IL-4 receptor, a heterodimer consisting of the IL-4Ra
subunit dimerised with either a yC subunit (Type I receptor) or the IL-13Ral subunit
(Type II receptor)(Zurawski et al., 1993). Consequently, IL-4 can signal through the
type I and II receptors, whereas IL-13 signals only through the type II receptor.
Engagement of IL-4Ra results in activation of the transcription factor STAT6, which
subsequently activates STAT6-dependent genes Arginase-1 (Arg-1), Chi3l3
(chitinase 3 like 3, YM1) and Retnla (Resistin like alpha, RELM-a).

Table 2 Macrophage activation profiles
Adapted from Murray et al. 2014. Shown are the functional activation profiles of murine macrophages
stimulated with CSF-1 and indicated stimuli

M(IL-4) M(Ic) M(IL-10) M(GC+TGFB)  M(GC) - M(LPS) M(LPS+FNy) M(IFNy)
Transcription pPSTAT6++++ pSTAT3+ pSTAT1+ pSTAT1+ PSTAT1+++
factors pSTAT1-ve Nfil3, 5 PSTAT6 —ve PSTAT6-ve Socs1
SOCS proteins Ifr4 Sbno2 = Socs1 Socs1, Nfkbiz
Socs2 Socs3 § Nfkbiz Irf5
o
Cytokines I1o,lls 1110 § o Tnf 18, 127
Chemokines Ccl7 Cxcl13 g §
Col24 Calt g5
Cel22 Ccl20 o=
q:, o
Amino acid Argl+++ Nos2 2 Argl+ Argl+ Ido1
metabolism e Nos2+ Nos2+++ Nos2+++
12]
Others Retnla, Retnla  ll4ra ]
Chi3I3, -ve

Alox15

1.2.1 RELMa

Resistin-like molecule o (RELMa) is a cysteine-rich protein that is part of a family
of ‘resistin-like molecules’ including RELMp, Resistin and RELMy (Beltowski,
2003). RELMa is abundantly expressed and secreted by M(IL-4) both in vivo during

nematode infection and in response to in vitro 1L-4 stimulation (Loke et al., 2002,
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Nair et al., 2003). While a specific role for RELMp has been illustrated in the gut
(Artis et al., 2004)(discussed later), RELMa appears to be more multifaceted in its
functions having been implicated in T2 induced fibrotic conditions (Holcomb et al.,
2000, Yamaji-Kegan et al., 2010, Wynn and Barron, 2010), immune suppression,
active worm Kkilling and wound repair. RELMa is highly expressed during
bleomycin-induced lung fibrosis and in the absence of IL-4Ra signalling, reduced
RELMa expression correlates with a significant decrease in pulmonary fibrosis (Liu
et al., 2004). RELMa is produced not only by M® but also by eosinophils,
neutrophils, DCs, and epithelial cells (Pesce et al., 2009b, Osborne et al., 2013,
Holcomb et al., 2000, Munitz et al., 2009). Conversely, RELMa has been associated
with the suppression of the immune response, as RELMa deficient mice present with
an enhanced Ty2 immune response against Schistosoma mansoni (Pesce et al.,
2009b, Nair et al., 2009). Similarly, RELMa positive DCs promote IL-10 production
by T cells (Cook et al., 2012). An active role for RELMa in worm killing has been
suggested through its chemotactic (Munitz et al., 2009) and potential metabolic
properties (Ruckerl and Allen, 2014). While, the absence of RELMa results in an
enhanced Ty2 immune response against Schistosoma mansoni, these mice also
present with exacerbated lung pathology (Pesce et al., 2009b, Nair et al., 2009).
Recently a direct role for RELMa has been illustrated in coordinating collagen
deposition during wound healing, though inducing fibroblast production of lysyl
hydroxylase-2, which subsequently mediates a pro-fibrotic type of collagen cross-
linking (Knipper et al., 2015). Consequently, the exacerbated pathology observed by
Pesce et al. and Nair et al. may have, in part, been a result of defective healing of
wounds caused by tissue migrating larvae. Thus, multiple functions have been
attributed to RELMa. Whether these functions of RELMa are reflective of diverse

cellular sources or infection-stage specific function remains to be explored.

1.2.2 YM1

YMI is a chitinase-like—protein (CLP) induced through IL-4Ra signalling and which
is highly associated with type 2 immunity and pathologies such as asthma and allergy
(Loke et al., 2002, Webb et al., 2001, Welch et al., 2002). Chitinase molecules
function in degrading chitin, a central component of the extracellular structure of

many pathogens, including worms and fungi. Production of AMCase, an active
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chitinase, by AAM® within the brain of Toxoplasma gondii infected mice is
essential in controlling the cyst burden in the brain (Nance et al., 2012). Furthermore,
blocking AMCase results in reduced airway inflammation and associated eosinophil
accumulation in the lung (Sutherland et al., 2011). Thus, the data is suggestive of
chitinases being involved in modulating the immune response against chitin
containing pathogens. In contrast to enzymatically active chitinases, CLPs are
enzymatically inactive and do not bind chitin. YM1 while unable to bind chitin has
been shown to bind heparin sulphate, an extracellular matrix protein (Chang et al.,
2001). Secreted YM1 proteins readily form crystal structures in the lung and it has
been suggested that these structures once ingested would damage the helminth
parasite (Ruckerl and Allen, 2014). An active role for YM1 has been suggested in
promoting the DC induction of Ty2 cell responses (Arora et al., 2006, Cai et al.,
2009, Cook et al.,, 2012). Furthermore, recent work by the Allen lab has
demonstrated that YM1 contributes to parasite control through driving yd T cell
expansion and subsequent IL-17-dependent neutrophil recruitment (Sutherland et al.,
2014). However as frequently observed in anti-parasite immunity there is a trade-off
as YMI1 activation recruits neutrophils, which also contribute to lung pathology
(Sutherland et al., 2014). In summary direct roles for YM1 have been illustrated,
though it is hypothesised that like RELMa and arginase-1, YM1 possess an array of

functions that are far-reaching and highly context specific.

1.2.3 Arginase 1

The final of the ‘Big Three’ molecules associated with alternative activation is
Arginase-1 (Arg-1). Expression of the enzyme Arg-1 or iNOS nicely demonstrates
the mutual exclusivity of between M(IFNy+LPS) and M(IL-4) as these enzymes
compete for their common substrate L-arginine (Munder et al., 1998). This is further
exemplified by the suppression of iNOS by Arg-1 (Wijnands et al., 2014). Arg-1
metabolism of L-arginine results in the production of L-Ornithine and urea. L-
ornithine is further metabolised by ornithine decarboxylase and ornithine
aminotransferase to generate polyamines and prolines (Yeramian et al., 2006, Bronte
and Zanovello, 2005). Prolines are essential for the synthesis of collagen and
polyamines are needed for cell proliferation and growth (Albina et al., 1993, Igarashi

and Kashiwagi, 2000). These data, together within the finding that arginase
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expression is often associated with fibrosis, has resulted in M(IL-4) being highly
implicated in wound healing (Wynn and Barron, 2010). Indeed, M® expressing Arg-
1 are implicated in the progressive fibrotic phase of bleomycin induced pulmonary
fibrosis (Gibbons et al., 2011). Conversely, through depletion of local L-arginine
necessary for cellular proliferation, Arg-1 has been shown to inhibit T cell
proliferation (Rodriguez et al., 2007). Following on from this, macrophage-specific
depletion of Arg-1 during S. mansoni infection resulted in increased mortality as a
result of an uninhibited Ty2 immune response in the presence of excess L-arginine,
which would otherwise be consumed by M(IL-4) (Pesce et al., 2009a). Thus, like
RELMa and YMI, Arg-1 is capable of exerting regulatory functions over the Ty2
immune response. However an active role in worm killing has also been
demonstrated; Arg-1 expressing M(IL-4) coordinate with antigen specific IgG during
secondary Heligmosomoides polygyrus infection to trap and kill invading larvae
(Esser-von Bieren et al., 2013). Importantly, work by Pesce et al. in the lab of Tom
Wynn has suggested that arginase expression by M® during S. mansoni infection is
responsible for immunoregulation whereas Arg-1 expression by fibroblast may be
more important for wound healing (Pesce et al., 2009a). Consequently, future studies
will hopefully elucidate the importance of cellular source as regards the functional

impact of Arg-1 expression.

1.2.4 Bone-marrow derived and resident derived-M(IL-4)
possess distinct activation phenotypes

In addition to driving STATG6 activation, IL-4Ra engagement induces proliferation of
M®s; both local tissue resM® and BMDM® that have infiltrated into the site of
infection (Jenkins et al., 2011). The proliferative program induced by IL-4/IL-13
exceeds that permitted by CSF-1, which controls homeostatic proliferation of resM®,
thereby allowing the accumulation of a large number of macrophages within tissues
during Ty2 driven inflammation (Jenkins et al., 2013). In order to determine if
distinct profiles of alternative activation are assumed by M® generated via local
proliferation vs. those recruited into the site of infection Gundra et al. carried out a
detailed microarray analysis of M® isolated from the peritoneal cavity of IL-4c
injected mice and compared these to M® isolated from the peritoneal cavity of IL-

4c+thioglycollate injected mice (Gundra et al., 2014). While both alternatively
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activated resM® and BMDM® expressed RELMa, YMI1 and Arg-1 in response to
IL-4 stimulation, they otherwise possessed distinct transcriptional and cell surface
phenotypes (See Figure 1-2). Specifically, markers such as PD-L2 and the enzyme
Raldh that have long been associated with alternative activation were defined as
specific markers of BMDAAMO®. Furthermore, expression of the mannose receptor,
another historic marker of alternative activation, was expressed on BMDMO®
independently of IL-4 exposure. The gene for Uncoupling Protein 1 (UCP-1) was
identified as being highly upregulated and specific to resident derived M(IL-4).
UCP-1 has previously been thought to be specific to brown adipocytes in where it is
important in thermogenesis (Nedergaard and Cannon, 2013, Fedorenko et al., 2012).
Functionally, both BMDM(IL-4) and resM(IL-4) inhibited naive T cell proliferation
in vitro, however only BMDM(IL-4) were capable of inducing FOXP3" T regulatory
cells and this was a result of Raldh expression. This publication was the first to
demonstrate that IL-4 can induce distinct transcriptional programs on differing M®
populations. Furthermore, the functional capabilities of the macrophage population in

response to IL-4 were dictated by their origin.

As aforementioned Bain et al, have recently highlighted that peritoneal and pleural
resM® populations, while initially seeded prenatally, are continually replenished
from the bone marrow. Consequently, I propose that the distinct M(IL-4) activation
phenotypes assumed by BMDM® vs. resM® are a reflection of the effect of 1L-4
upon M® populations with distinct enhancer landscapes rather than a reflection of
origin specific activation phenotypes. Furthermore, the M® enhancer landscape prior
to stimulation is determined by where a M® is in its lifecycle, i.e. — monocyte,
intermediate —-MoM® or resM®. These publications have highlighted the diversity of
M(IL-4) activation phenotype. Furthermore, the importance of investigating the
expression of molecules outside of RELMa, YM1 and Arg-1 when attempting to

correlate the M(IL-4) activation phenotype with a specific function is clear.
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Figure 1-2 Macrophage activation phenotypes

Activating stimuli such as IL-4 or LPS+IFNy induce signal transduction cascades within the M®
resulting in transcription factor activation. Signalling via the IL-4Ra subunit results in STAT6
activation and subsequent expression of molecules RELMa, YM1 and Arg-1. M® secreted RELMa is
essential in directing wound healing through stimulating fibroblast production of Lys-hydroxylase-2.
Arg-1 competes with iNOS for the substrate L-arginine, to generate L-ornithine and polyamines,
which are also implicated in wound healing. The transcriptional profile induced by STAT6 is
dependent upon the enhancer landscape of a M® at the time of activation. For example, IL-4Ra
activation of recently recruited BMDM® results in the upregulation of the enzyme Raldh and cell
surface molecule PD-L2. Furthermore, AABMDM® have been shown to both inhibit proliferation
and induce FOXP3 expression of naive T cells in vitro. In contrast, IL-4Ra activation of resM®
results in the expression of the protein UCP-1 and in vitro AAresM® are associated with the
inhibition of T cell proliferation. In contrast to IL-4, M® activation via LPS binding to TLR4 results
in the expression of transcription factors STAT1 and NFkB which induce the transcription and
production of pro-inflammatory cytokines IL-12a, IL-6, TGF-B, IL-23 and IL-21. Depending on the
combination of cytokines secreted by the M® a naive T cell can be polarized toward a Tyl or a Tyl7
phenotype.
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1.3 Macrophage Function
1.3.1 Development

Prenatally derived M® are centrally involved in development as evidenced by the
severe phenotypes of Csf”/Csf” and Csf1r-/Csf1r- mice, which possess inactivating
mutations in the CSF-1 gene and the CSF-1R gene, respectively (Cecchini et al.,
1994, Dai et al., 2002). These mice are osteopetrotic, increased bone density
resulting in brittle bones, due to a lack of osteoclasts which function in hollowing out
bone to generate the space in which haematopoiesis initiates (Marks and Lane,
1976). In addition to incomplete bone formation Csf®/Csf” mice are toothless, deaf,
present with fertility complications and do not possess tissue resident macrophages
including brain microglia (Dai et al., 2002, Erblich et al., 2011). The absence of brain
microglia in Csf1"" mice results in defective development of the brain and olfactory
system (Erblich et al., 2011). Microglia instruct brain development through
phagocytizing synaptic material and pruning synapses post birth (Paolicelli et al.,
2011). The central role of phagocytic macrophages in embryonic development is also
highlighted by the incomplete removal of the space between digits upon limb
budding in Csf1r-/Csfir- mice (Dai et al., 2002). Macrophages are also involved in
angiogenesis during development. In retinal development, M® limit excessive
angiogenic branching of vessels through production of Fltl, the inhibitor of vascular

endothelial growth factor (VEGF)(Rao et al., 2007, Stefater et al., 2011).

Development later in life is also highly dependent on macrophages. Mammary gland
development at puberty and during pregnancy requires the recruitment of
macrophages to the rudimentary mammary duct, where they facilitate outgrowth

through phagocytosis of apoptotic epithelial cells (Pollard, 2009).

1.3.2 Homeostasis

Within tissues macrophages carry out specialised functions to maintain homeostasis.
A central function of the spleen is the recycling of red blood cells to maintain iron
homeostasis and this function is carried out by resident red pulp macrophages. As
aforementioned, this tissue specific function of red pulp macrophages is driven by
heme, which induces the transcription factor SPI-C (Kohyama et al., 2009, Haldar et

al., 2014). While the Kupffer cells in the liver are essential in iron recycling under
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homeostatic conditions, a recent publication has highlighted that Ly6C monocytes
rapidly infiltrate into the liver in response to erythrocyte damage. Within the liver
these so called monocyte derived transient macrophages (tM®) upregulate
ferroportin 1 and function in emergency iron recycling (Theurl et al., 2016).
Interestingly, these tM® assume a Kupffer cell phenotype but once the stressed
erythrocytes are removed, they disappear and the resident prenatally derived Kupffer

cells proliferate to reseed the tissue niche (Theurl et al., 2016).

Under homeostatic conditions microglia function in the remodelling of synapses that
is necessary for learning (Parkhurst et al., 2013). Microglia possess a quiescent
phenotype in order to prevent inflammation-associated damage in the brain. This
quiescent phenotype is a result of TGF-f driven SMAD activation and results in the
inhibition of phagocytosis and cytokine secretion (Abutbul et al., 2012). Alveolar
macrophages (AM®), the resident M® in the lung are functionally specialised to
remove pulmonary surfactant, which is secreted by alveolar epithelia cells to aid gas
exchange. The absence of AM® macrophages results in the development of
pulmonary alveolar proteinosis (PAP), a disease in which individuals struggle to
breathe due to in-efficient gas exchange as a result of excess surfactant in the lung

(Dranoff et al., 1994).

Within the gut, intestinal macrophages possess an anti-inflammatory phenotype in
order to prevent the generation of an immune response against microbiota and food
antigens. This anti-inflammatory phenotype is characterised by the secretion of IL-10
and unresponsiveness in the face of TLR engagement (Bain et al., 2013). Breakdown
in this intestinal tolerance results in the generation of food allergies or inflammatory
bowl disease. In contrast, splenic marginal zone M® are specialised in sensing blood
borne pathogens, through their expression of PRRs MACRO and SIGN-RI (N et al.,
2013).

In recent years, it has come to light that macrophages are important in maintaining
insulin sensitivity in white adipose tissue (WAT) and in enabling the thermogenic
function of brown adipose tissue (BAT). M® in the WAT and BAT of lean
individuals possess an alternatively activated phenotype, which is driven by

eosinophil derived IL-4, characterised by the transcription factors PPAR-y, PPAR-6
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and KLF4, expression of Argl”, CD206", CD301" and production of the anti-
inflammatory cytokine IL-10 (Lumeng et al., 2007, Wu et al., 2011, Odegaard et al.,
2007). In contrast, overconsumption and resultant obesity is marked by the influx of
bone marrow derived macrophages into the adipose tissue (Lumeng et al., 2007,
Weisberg et al.,, 2003). These recruited macrophages possess an inflammatory
phenotype, characterised by the expression of the enzyme iNOS and production of
TNF-a and IL-6, which contribute to insulin resistance through reducing adipocyte
expression of glucose transporter 4 (GLUT4) and thereby subsequent uptake of
glucose by adipocytes (Lumeng et al., 2007). Production of IL-10 by alternatively
activated adipose tissue M® can suppress the inflammatory effects of TNF-a on
adipocytes, through preventing GLUT4 downregulation and maintaining glucose
adsorption (Lumeng et al., 2007). However, in obese mice BMD inflammatory M®
outweigh the anti-inflammatory derived M® resulting in obesity induced diabetes.
Exposure to cold environments, results in lipolysis of WAT and induction of
thermogenic genes in BAT. Historically it was believed that cold induced
thermogenesis was controlled by hypothalamic sensing and subsequent noradrenaline
activation of Bs-adrenergic receptors on WAT and BAT (Lowell and Spiegelman,
2000). However, it is now realised that upon exposure to cold environments adipose
tissue macrophages undergo rapid alternative activation and consequently produce
catecholamines that drive the expression of thermogenic genes in BAT (Ppargcla,
ucpl and Acsll) and lipolysis in WAT(Nguyen et al., 2011). Therefore, macrophages
appear to play a homeostatic role in maintaining host sensitivity to insulin and
enabling rapid activation of the thermogenic response. Conversely, macrophages are

also highly implicated in the low-grade inflammation associated with obesity.

1.3.3 Antibacterial immunity

Since the late 1990s it has been known that macrophages and dendritic cells possess
an array of cell surface (TLR, CLR) and intracellular pathogen recognition receptors
(PRRs; TLRs, RLRs, NLRs) that enable specific pathogen recognition and induction
of signalling pathways which results in the secretion of cytokines responsible for

polarisation of the subsequent immune response.
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TOLL-Like-Receptor-4 (TLR4) that recognises lipopolysaccharide (LPS), the major
component of the extracellular coat of gram-negative bacteria, was the first identified
pathogen recognition receptor (PRR) (Poltorak et al., 1998). LPS is bound by LPS-
binding protein (LBP) in serum that anchors to CD14 on the surface of M® and DCs
(Wright et al.,, 1990, Hailman et al., 1994). The LPS-LBP-CD14 complex,
subsequently activates TLR-4, which is associated with surface bound MD-2,
ultimately resulting in secretion of pro-inflammatory cytokines by the M® (Shimazu
et al, 1999). Since the discovery of TLR-4, 13 TLRs varying in location
(membrane/cytosol) and antigen specificity (bacterial/viral) have been identified.
TLR-1, 2, 4, 5 and 6 are specialised in recognising bacterial pathogen associated
molecular patterns (PAMPs) whereas TLR-3, 7, 8 and 9 are involved in recognition
of viral PAMPs. TLRs are type 1 transmembrane proteins, possessing a leucine rich
extracellular horse-shoe shaped domain responsible for antigen recognition and an
cytosolic TIR (Toll-interleukin (IL)-1 receptor) domain which propagates antigen
binding through induction of intracellular signal transduction pathways. Antigen
binding by monomeric TLRs, results in dimerization and recruitment of adaptor
proteins MyD88 and/or TRIF to the TIR domain of the cytosolic TLR tail.
Recruitment of MyD88 and TRIF cumulates in the activation of transcription factors
NF-kB, AP-1 and IRF3 which direct transcription of cytokines, chemokines and anti-
viral type I interferons (Akira, 2011). Salmonella Typhimurium lipoproteins can be
recognised by TLR1/2/6 heterodimers, LPS is recognised by TLR4, TLR-5
recognises the flagella protein Fli C(Broz et al., 2012).

The nucleotide-binding domain (NOD)-like receptors (NLRs) are responsible for the
detection of intracellular bacteria. NOD-1 and NOD-2 bind muramyl dipeptide
(MDP) of bacterial peptidoglycan resulting in NF-xB activation (Inohara et al., 2003,
Pauleau and Murray, 2003). The NODs have received attention due to the association
of familial mutations with susceptibility to Crohn’s disease; the molecular
mechanism underlining this association is not yet understood (Hugot et al., 2001).
Conversely, the degree of M® activation elicited by MDP activation of NOD2 is
considerable lower than that elicited by TLR engagement, suggesting that NOD2
plays a minor role in bacterial detection. Dectin-1 is a cell surface receptor specific

for B-glucan the primary component of fungal and yeast cell walls. Dectin-1 is a C-
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type lectin receptor (CLR) which possesses an extracellular carbohydrate-
recognizing C-type lectin domain and an intracellular ITAM domain which induces

signal transduction of NF-kB activation (Kerscher et al., 2013).

Activation of transcription factors NF-kB, AP-1 and IRF results in the secretion of
pro-inflammatory cytokines (TNF-a, IL-1, IL-6, IL-12, IL-10), chemokines (MIP-1aq,
CXCL3), type 1 interferons (IFN-a and IFN-B) and the upregulation of cell surface
co-stimulatory molecules necessary for naive T cell stimulation. Neutrophils are
rapidly recruited by the chemokine CXCL8 to the site of infection, where they

function to ingest and degrade bacteria.

The production of IL-12 in combination with upregulation of CD80/86 and ICAM by
DCs results in polarisation of naive CD4" T helper cells toward a Tyl phenotype
characterised by the transcription factors T-bet and STAT4 and production of IFN-y.
During Salmonella infection monocyte-derived DCs are essential in driving Tyl cell
polarisation in lymph nodes (Flores-Langarica et al., 2011). Tyl cell-derived IFN-y
subsequently acts on M® and neutrophils resulting in a heightened bactericidal
ability through activation of NADPH oxidase and iNOS that generate reactive
oxygen species (ROS) and reactive nitrogen species (RNS), respectively. Assembly
of NADPH oxidase results in an increase in superoxide (O,) within the
phagolysosome, which is converted into hydrogen peroxide (H,O;) by superoxide
dismutase. H>O, subsequently gives rise to “"OH, OCI" and OBr (Ischiropoulos et al.,
1992, Miller and Britigan, 1997). Salmonella Typhimurium genes encoded on
Salmonella Pathogenicity Island-2 (SPI-2) prevent assembly of NADPH on the
salmonella containing vacuole and thereby enable intracellular bacterial survival

(Vazquez-Torres et al., 2000).

In addition to promoting bactericidal capabilities of macrophages, Tyl cell derived
IFN-y promotes in antibody class switching toward IgG2a and IgG3 isotypes.
Antigen specific antibodies further enhance anti-bacterial immunity through
opsonizing extracellular bacteria and activating macrophages and neutrophils via

their Fc receptors.
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1.3.4 Anti-helminth immunity

Helminths are large multicellular parasites of mammals. The term helminth
encompasses the platyhelminth and nematode phyla, which split from their common
metazoan ancestor over | billion year ago. Despite the length of evolutionary
divergence between these phyla, all helminths induce a type-2 immune response
upon infection of their mammalian host. The nematodes are round worms that can be
further subdivided into hookworms, whipworms and filarial taxa. The
platyhelminthes are subdivided into cestodes and trematodes (Jenkins and Allen,

2010).

In contrast to type-1 immunity, less is understood about how the innate immune
system senses helminth associated molecular patterns and drives the polarisation of
the adaptive immune response toward IL-4, IL-13 and IL-5 producing CD4" Ty2
cells. The eggs of schistosome parasites are one of the most potent drivers of type 2
immunity and soluble egg antigen (SEA) promotes Ty2 cell induction by DCs. SEA
has been shown to bind the C-type lectin receptors DC-SIGN and MGL (van Liempt
et al.,, 2007). Furthermore, SEA has been illustrated to induce the production of
innate IL-4 from basophils (Schramm et al., 2003). Indeed basophils have been
suggested to be the dominant source of innate IL-4 driving T2 cell differentiation
(Perrigoue et al., 2009). However this data is controversial and does not hold up in
Schistosoma mansoni infection in which basophil depletion does not affect Ty2 cell

induction (Phythian-Adams et al., 2010).

Consequently, it has been realised that epithelial cells (ECs) are important players in
the initiation and polarisation of the immune response at mucosal surfaces during
Tu2 immunity against helminthic parasites. ECs produce central cytokines TSLP, IL-
25 and IL-33 in response to helminth antigens and tissue damage (Rimoldi et al.,
2005, Zeuthen et al., 2008, Angkasekwinai et al., 2007, Humphreys et al., 2008). In
response to the intestinal dwelling whipworm Trichuris muris ECs produce 1L-33
and TSLP (Taylor et al., 2009, Humphreys et al., 2008). 1L-25, IL-33 and TSLP
promote the generation of a Ty2 immune response through activation of innate
lymphoid cells (ILCs) that produce polarising cytokines IL-4, IL-13, IL-5, and IL-9
upon activation (Fallon et al., 2006, Moro et al., 2010, Neill et al., 2010, Price et al.,
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2010). The protective role of ILC2s against helminthic parasites was first illustrated
in {1257 mice, in which the absence of IL-25 prevented ILC2 expansion, Ti2 cell
induction and consequently expulsion of the parasitic worm Nippostrongylus

brasiliensis (Fallon et al., 20006).

Engagement of IL-4Ra on intestinal epithelial cells by IL-13/IL-4 increases mucin
production (Hasnain et al., 2011) and promotes IEC differentiation into RELMf
producing goblet cells (Artis et al., 2004, Herbert et al., 2009). In vitro RELMJ binds
to the chemosensory organs of 7. muris resulting in reduced parasitic movement
(Artis et al., 2004). Furthermore, IL-4Ra engagement also promotes increased EC
proliferation, resulting in an enhanced turnover rate of intestinal epithelial cells
(Akiho et al., 2002, Cliffe et al., 2005). This shedding of the intestinal lining results
in displacement of gastrointestinal nematodes from their preferred niche and
ultimately results in their expulsion. Furthermore, during Trichinella spiralis
infection mast cells degrade epithelia cell tight junctions (McDermott et al., 2003),
thereby increasing the movement through the gut. Collectively within the
gastrointestinal tract IL-4Ra engagement promotes the ‘weep and sweep’ action of

the intestinal lining, which promotes parasitic expulsion.

H. polygyrus is a natural murine parasite, which provides a model for intestinal
helminthiasis. Infective L3 H. polygyrus larvae invade and reside within the
intestinal mucosa from day 4-8 pi. By day 8 pi the larvae have moulted to L5 and
enter the lumen as adults which subsequently mate and produce eggs that are
transmitted through the faeces. During secondary infection with H. polygyrus, CD4"
Tu2 cell-derived IL-4 drives the accumulation of AAM® that provide protective
immunity through encysting mucosal tissue invading larvae and promoting their
demise in an Arginase-1 dependent mechanism (Anthony et al., 2006). Subsequently,
antigen specific IgG antibodies and complement have been shown to mediate the
attachment of macrophages and subsequent entrapment of H. polygyrus larvae
(Esser-von Bieren et al., 2013). These attached M¢ express Arg-1 resulting in the
production of L-ornithine which assists in larval killing through inhibiting worm
motility (Esser-von Bieren et al., 2013). Similarly, destruction of Strongyloides

stercoralis larvae is achieve through the collaborative efforts of M®, neutrophils,
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complement and antigen specific IgM (Bonne-Annee et al, 2013). These
publications were some of the first to demonstrate a role for complement enabling
parasite destruction via collaboration with innate immune cells. The complement
system encompasses over 30 proteins, primarily inactive proteases produced by the
liver and constitutively present in serum. Activation of the complement cascade can
occur via one of three pathways and ultimately cumulates in the formation of a
membrane attack complex which inserts into bacterial membranes promoting
bacterial lysis. Outside of anti-bacterial immunity complement is essential in the
clearance of apoptotic bodies and conversely has been highly implicated in the
progression of many autoimmune disease (Holers, 2014). Work carried out by Dr.
Graham Thomas while a PhD student in the Allen Lab demonstrated that F4/80™ M¢
isolated from the peritoneal cavity of Brugia malayi infected mice highly upregulate
C3, the central protein of the complement cascade. This finding was the motivation
for our investigation into the phenotype of C3 deficient mice during L. sigmodontis

infection carried out in Chapter 4.

In contrast to the soil transmitted helminths, vector transmitted filarial nematodes
reside in the tissues and are the causative agents of Elephantiasis (lymphatic
filariasis) (Evans et al., 1993) river blindness and skin disease
(Onchocerciasis)(Davies, 1994). Filarial nematodes are further subdivided based on
their tissue niche; lymphatics (Wuchereria bancrofti and Brugia malayi),
subcutaneous tissues (Onchocerca volvulus and Loa loa) and serous cavities

(Mansonella).

Infective L3 larvae are transmitted to their human host by either a mosquito or
blackfly vector when taking a blood meal. Infective L3 larvae subsequently migrate
to their niche tissue where they moult through an L4 stage into adulthood. Within the
tissues, adult filariae mate and produce L1 larvae/ microfilaria (mf) that are
subsequently transferred to their vector host when taking a blood meal. Within the

vector L1 larvae mature into L3 and the cycle continues.

Once established filarial nematodes can persist within their mammalian host for more
than 10 years. Currently there are approximately 120 million individuals infected

with filarial nematodes, highlighting the global burden of these often neglected
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tropical disease (Mendoza et al., 2009). The immune response against filarial
nematodes has been a long-standing interest in the Allen lab. Initial investigations
into the immune response against filarial nematodes utilized the human filarial B.
malayi. In this model microfilaria (mf) or adult worms can be directly implanted into
the peritoneal cavity of mice and the stage specific immune response examined
(Lawrence et al., 1994). However, B. malayi cannot mature beyond its implantation
stage in the murine host therefore examination of the complete immune response
against filarial nematodes was hindered in this model. In 1992, it was discovered that
Litomosoides sigmodontis, a filarial nematode of the cotton rat, is capable of
infecting several murine strains and completes its life cycle in susceptible BALB/c
mice, thereby providing an invaluable tool for studying the immune response against

filarial nematodes.

1.4 Litomosoides sigmodontis Infection

L. sigmodontis is a filarial nematode of the cotton rat Sigmodon hispidus and is a
member of the Onchocercidae family (Hoffmann et al., 2000), which includes the
human filariae W. bancrofti, L. loa , Brugia and Onchocerca spp. (Xie et al., 1994,
Blaxter and Koutsovoulos, 2015). In 1992 it was discovered by Petit et al. that L.
sigmodontis, can complete its life cycle in a susceptible murine strain, the BALB/c
mouse (Petit et al., 1992) (Figure 1-3). Within this strain, infective L3 larvae migrate
from the skin via the lymphatics to the thoracic cavity by day 4 post infection (pi).
By day 28 pi L3 larvae have developed into sexually mature adult worms that
subsequently mate and produce blood circulating mf that are detectable from day
~55-77 pi. The presence of blood circulating mf is deemed patency, i.e. an infection
has reached patency when mf are present in the blood. Adult worms decline in the
BALB/c mouse ~ day 80 pi (Graham et al., 2005). Within the C57BL/6 mouse L3
larvae mature to adulthood but are killed ~day 55 pi, prior to the production of mf,
consequently the C57BL/6 strain is considered semi-resistant to infection (Graham et

al., 2005).

A quantitative analysis of over 85 experiments (approx. 700 mice) highlighted that
differences in recovery rate between susceptible BALB/c and resistant C57BL/6

mice are present from day 10 pi, however due to variation in the system this is rarely
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evident in a single experiment (Graham et al., 2005). In addition, Graham et al.
highlighted a previously unappreciated sex difference in susceptibility to L.
sigmodontis, with female BALB/c mice displaying a significantly greater worm
recovery over BALB/c males from day 10-70 post infection (Graham et al., 2005).
Furthermore, the data illustrated that female BALB/c mice were four times more
likely to become microfilaremic compared to male BALB/c mice, and adult worms
are detectable for at least 10-days longer in the female mice (80 vs 90 days pi)
(Graham et al., 2005). Both male and female C57BL/6 mice displayed a significantly
lower worm recovery rate when compared to BALB/c from day 10 pi and the same
sex-dependent difference in susceptibility was observed at early time points with
female C57BL/6 mice being less resistant than males. Following this study our lab

have solely used female mice due to their enhanced susceptibility on both strains.
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Figure 1-3 Litomosoides sigmodontis life cycle

The figure illustrates the method used to maintain the L. sigmodontis lifecycle in the lab and also the
experimental infection of resistant C57BL/6 and susceptible BALB/c mice. Infective L3 larvae are
isolated through manual crushing of the mite vector. 100 L3s are used to infect the permissive gerbil
host i.p. After 90 days microfilaria can be detected in the bloodstream of infected gerbils. The mite
vector is allow take a blood meal for 18 hours, during which microfilaria are acquired. Within the mite
vector the microfilaria develop to the infective L3 stage over a period of 14 days. The mites are kept
in a temperature and humidity controlled incubator for this period. The mites are then crushed to
isolate the L3s. 30 L3s are picked for infection of C57BL/6 or BALB/c mice. The C57BL/6 mice clear
infection ~day 50 pi, whereas microfilaria are present in the bloodstream from ~day 55 in the BALB/c
strain.
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The canonical Ty2 cytokine IL-4 is central in resistance to L. sigmodontis as 1L-4
deficient C57BL/6 mice are susceptible to patent infection with a recovery rate
similar to that of BALB/c mice from day 40 pi and blood mf detectible in at day 60
pi (Le Goff et al., 2002). In contrast, IL-4 deficiency on the BALB/c strain does not
affect worm development, as recovery rate was unchanged, however the intensity of
patent infection is greater in the absence of IL-4, with blood mf counts 100-fold great
in IL-4”" vs. WT BALB/c (Volkmann et al., 2001). These publications highlighted
that the mechanism of worm killing in resistant and susceptible strains are likely to
be distinct, with the C57BL/6 strain highly dependent upon IL-4, whereas in the
BALB/c strain IL-4-effector mechanisms function primarily in reducing female
production of mf rather than contributing to worm killing at earlier stages. The IL-
4Ra-induced response within tissues is considerable different to that of the
gastrointestinal tract; immune cells function in trapping and killing of worms rather
than clearance. It is becoming increasingly clear that myriad of immune cells
involved in worm killing is likely to be highly parasite, tissue and strain specific.
Indeed, eosinophils along with M® are a major component of granulomas that form
around young adult worms in C57BL/6 mice, with very few neutrophils
present(Attout et al., 2008). In contrast, granuloma formation occurs later in the
BALB/c strain and encapsulates mature adult worms that are often still alive;
neutrophils contribute more than eosinophils to granuloma formation in susceptible

BALB/c mice (Attout et al., 2008).

During L. sigmodontis infection 1L-4 drives the generation of M(IL-4), which
express Arg-1 and secrete RELMa and YMI1. Subsequent work in the Allen lab
discovered that IL-4 is responsible for the M® accumulation observed within the
thoracic cavity of resistant C57BL/6 mice at day 11 pi, through inducing
proliferation of the local tissue resident M® population (Jenkins et al., 2011). Studies
in Rag”™ mice showed that an adaptive immune cell is the source of IL-4 responsible

for alternative activation and macrophage proliferation (Jenkins et al., 2013).

In contrast to IL-4, IL-5 has been implicated in the later worm killing observed in
susceptible BALB/c mice, with a 4-fold increased in adult worm numbers in anti-I1L-

5 treated BALB/c mice compared to controls at day 80 pi. No difference in recovery
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rate was observed at day 28 pi in anti-IL-5 treated mice vs. controls, demonstrating
the late acting role of IL-5 in worm killing in BALB/c mice (Martin et al., 2000). IL-
5 depletion resulted in a decrease in thoracic cavity eosinophils and neutrophils at
day 80 pi (Martin et al., 2000). Eosinophils are essential in vaccine-mediated
protection against L. sigmodontis in both C57BL/6 and BALB/c mice, through rapid
destruction of skin invading larvae (Martin et al., 2000, Le Goff et al., 2000).
However, eosinophils are unlikely to be involved in primary killing in resistant
C57BL/6 mice as IL-5 deficiency has no effect on worm recovery at day 20-40-pi
(Le Goff et al., 2000). In susceptible BALB/c mice, IL-5 mediates worm killing
through increasing the pleural concentrations of TNF-a, G-CSF and IL-8 resulting in
neutrophil recruitment and encapsulation of live worms, eventually causing in worm
death (Al-Qaoud et al., 2000). The involvement of neutrophils over eosinophils in
worm Kkilling suggested a mixed contribution of both Tyl and Ty2 effector
mechanism in the eventual death of adult worms in the BALB/c host. Indeed IFNy™"
mice present with 2-fold greater adult worm number at day 80 pi compared to WT
mice and fewer worms are encapsulated and this was associated with fewer, less
activated neutrophils within the cavity (Saeftel et al., 2001). Furthermore, the
increased worm burden of double knockout IL-5"TFNy”™ mice compared to single
knockout IL-5" or IFNy” mice highlighted that IL-5 and IFNy work synergistically
to promote worm killing (Saeftel et al., 2003). Thus, the later worm killing in
susceptible BALB/c mice is a result of IL-5 and IFNy activation and recruitment of
neutrophils that function in encapsulating and killing adult worms. However, the
mixed Ty1/Ty2 immune response is not specific to the susceptible phenotype with
both mice strains presenting with mixed cytokine and antibody responses at day 30
pi(Babayan et al., 2003). Of note however, while mixed, the immune response in
resistant C57BL/6 mice is more Ty2 skewed with great pleural IL-4, IL-5, IL10 and
IgG2 at day 30 pi compared to BALB/c (Babayan et al., 2003).

The dependence of the resistant phenotype upon IL-4 and the central role for IL-4 in
alternative activation and proliferation of macrophages, would suggest that
macrophages are protective in against L. sigmodontis in the resistant C57BL/6 strain.
This, hypothesis is consistent with data from secondary H. polygyrus infection in

which antigen specific IgG bound to M® via Fc receptors collaborate with
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complement to collectively trap invading larvae (Esser-von Bieren et al., 2013).
Similarly during S. stercoralis infection M®, complement and neutrophils work
together to killing the worm (Bonne-Annee et al., 2013). Recent data from our lab
has highlighted that during L. sigmodontis infection pleural cavity B cells, located
within fat associated lymphoid follicles, proliferate and produce antigen specific I[gM
(Jackson-Jones L et al., Nat Comm in press) and the numbers of FALCs and antigen-
specific IgM is greater in resistant C57BL/6 and than susceptible BALB/c mice until
day 18 pi (Jackson-Jones L et al., Nat. Comm in press). This data gives credence to
the hypothesis that M® and antigen specific antibodies collaborate to trap and kill

worms within resistant C57BL/6 mice.

In contrast, a detrimental role for B cells during chronic L. sigmodontis infection of
susceptible BALB/c mice has been illustrated with JH” and yMT"~ BALB/c mice
failing to develop patent infection (Martin et al., 2001) (Knipper JA et al.,
unpublished data). The contribution of B cells to the resistant and susceptible
phenotypes and how antibodies might interact with M® to elicit worm killing during
L. sigmodontis infection requires further study. M® have been implicated in
mediating the immunosuppressive phenotype that accompanies chronic filarial
infection (Loke et al., 2000). As such, M® isolated from the pleural cavity of
susceptible BALB/c at both day 40 and 60 pi inhibit T cell proliferation in vitro
(Taylor et al., 2006). The transgenic overexpression of IL-10 by M® on the FVB
background, which is normally resistant to L. sigmodontis results in this strain
becoming susceptible with patent infection pursuing (Specht et al., 2012). Hoffman
et al. have also demonstrated that IL-10 is a critical susceptibility factor and that B
cells may be a major IL-10 source (Hoffmann et al., 2001). Thus, unravelling the role
of B cells in L. sigmodontis infection is complicated by the potential of B cells to

play potentially conflicting roles.

Immunosuppression within the BALB/c strain in addition to the presence of
immunosuppressive M® is marked by the emergence of a hyporesponsive T cell
phenotype during patency (Taylor et al., 2006). Using IL-4gfp 4get mice, to track
antigen specific Ty2 cells, van der Werf et al., demonstrated that between day 20 and

day 60 post infection in BALB/c mice antigen specific T2 cells loose their ability to
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produce IL-4, IL-5 and IL-2(van der Werf et al., 2013). This hyporesponsive
phenotype is correlated with the increased expression of programed death -1 (PD-1)
on T cells. Furthermore using anti-PD-L1/anti-PD-L2 antibodies, PD-L2 was
identified as being responsible for the induction of this phenotype. However, the PD-
L2 expressing cell that induces PD-1 expression, and the subsequent hyporesponsive

T cell phenotype has not been identified (van der Werf et al., 2013).

In summary, the mechanisms of worm killing are likely to be quite different between
resistant C57BL/6 and susceptible BALB/c mice. The data would suggest that IL-4
and by association M® are important in worm killing and prevention of patency on
the C57BL/6 background (Le Goff et al., 2002). Conversely, IL-4 does not appear to
play a role in worm development in the susceptible strain and to date an
immunosuppressive function has been assigned to M® in this strain (Volkmann et

al., 2001) (Taylor et al., 2006).
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1.5 Aims of Thesis

While the knowledge surrounding macrophage function is steadily increasing, the
relationship between macrophage origin and function during helminth infection has
remained unexplored. To date the literature has demonstrated that there is a
proliferative burst of the resM® population, which is derived prenatally, by day 11-
post infection with L. sigmodontis (Jenkins et al., 2011, Yona et al., 2013). This
proliferative burst is followed by a proliferative crash, in which proliferation is below
homeostatic levels, until day 28 pi (Graham Thomas —PhD thesis 2013). Yet,
Babayan et al. have documented the peak of M® accumulation within the pleural
cavity as occurring at day 30 pi. This peak in pleural cell accumulation at day 30 pi
was evident in both resistant and susceptible strains, with a trend toward enhanced
numbers in the resistant C57BL/6 strain (Babayan et al., 2003). Thus, the peak of
cellular accumulation correlates with worm killing in the resistant C57BL/6 strain,
which is most evident between day 20 and 40 pi (Le Goff et al., 2000). However, the
composition of the M® compartment in both resistant and susceptible strains remains
unexplored. Additionally, a protective role for M® in resistance to filarial infection
has yet to be illustrated. More broadly, the functional consequences of M® dynamics
and source, during tissue nematode infection has yet to be fully understood in either

susceptible or resistant host.

Consequently, the core aim of this thesis has been to investigate and compare the
mechanisms of M® accumulation and M® origin within the pleural cavity of
resistant C57BL/6 versus susceptible BALB/c mice with the ultimate aim of
understanding the functional consequences of diverse mechanisms of M®

accumulation or source.
Findings that emerged during this thesis led to two additional sub aims:

1. Is complement involved in the resistant phenotype of C57BL/6 mice?
2. Does the macrophage disappearance reaction reflect functional differences in

bactericidal capabilities between BMDM® and resM®?
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Chapter 2 Macrophage dynamics are central to
understanding resistance and susceptibility to
Litomosoides sigmodontis infection

2.1 Summary

Infection with the filarial nematode Litomosoides sigmodontis results in IL-4 driven
proliferative expansion of resident pleural cavity macrophages (M®) in a process
independent of bone marrow derived macrophage (BMDM®) recruitment. Resident
macrophage (resM®) populations within the serous cavities are derived prenatally
from the foetal liver, independent of haematopoietic stem cells from the bone
marrow. Consequently, I became interested in the functional importance of resM®
proliferation vs. BMDM® recruitment to worm clearance and ultimate outcome of L.
sigmodontis infection. C57BL/6 mice are resistant to L. sigmodontis infection as
adult worms are killed prior to sexual maturity, in contrast BALB/c mice are
susceptible with adult worms successfully mating and producing circulating
microfilaria ~ day 55-post infection (pi). In order to investigate the contribution of
resM® proliferation vs. BMDM® recruitment to resistance and susceptibility I
analysed the pleural exudate cells of infected C57BL/6 and BALB/c mice over the
course of infection. Resistance was associated with resM® proliferation, resulting in
a significantly greater accumulation of pleural macrophages in resistant C57BL/6
mice vs. BALB/c from day 11 pi. Importantly, the resM® population in both naive
and infected animals was continually replenished from the bone marrow with age,
highlighting the successful integration of BMDM® into the resident niche in this
strain. In contrast, susceptibility was marked by an influx of monocytes and their
conversion into F4/80° (MoM®) from day 35. These infiltrating BMDM® did not
successfully integrate into the resident resM® pool and resulted in a decline in its
dominance within the pleural space. Ultimately, these data highlight the diverse M®
dynamics present in the pleural cavity of both naive and infected C57BL/6 and
BALB/c mice and suggest opposing roles for resM® and BMDM® in worm killing.

2.2 Introduction
L. sigmodontis is the only filarial nematode capable of completing its life cycle in a

susceptible laboratory mouse strain (BALB/c) and thus providing a model in which
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to study the immune response to human filarial worms such as Onchocerca volvulus

and Wuchereria bancrofti (Hoffmann et al., 2000).

L. sigmodontis L3 larvae which are isolated from infected mites and injected
subcutaneously (30 L3/mouse) migrate via the lymphatics to the pleural cavity by
~day 4 pi. Larvae in the pleural cavity undergo two moults developing into sexually
mature adults. In susceptible BALB/c mice the adult female worms produce
microfilaria (mf), which enter the blood stream from day 55-60 pi. Once mf are
circulating in the blood the infection is said to have become patent or to have reached
patency. In contrast to BALB/c mice, C57BL/6 mice are resistant; the adult worms
are killed prior to sexual maturity, patency never develops and the number of worms
recoverable from the pleural cavity declines from ~day 22-55 pi (Hoffmann et al.,

2000, Graham et al., 2005)

I am interested in the role that macrophages (M®) contribute to the resistant and
susceptible  phenotypes, through participating in worm  killing or
immunosuppression, during L. sigmodontis infection, specifically focusing on the
influence of origin and residency upon disease outcome. In recent years, it has come
to light that certain resident macrophage (ResM®) populations (microglia, liver
Kupffer cells, epidermal Langerhans cells, splenic red pulp macrophages, peritoneal,
and lung alveolar macrophages) are initially derived from F4/80" yolk-sac and foetal
liver M® independent of the establishment of haematopoietic stem cells (HSCs)
(Yona et al.,, 2013, Schulz et al., 2012, Ginhoux et al., 2010). These ResM®
populations are long-lived and capable of self-maintenance through in situ
proliferation driven by colony stimulating factor 1 (CSF-1) or IL-34 (Hashimoto et
al., 2013, Schulz et al., 2012). HSCs give rise to F4/80" bone marrow derived
monocytes (BMDMs) that continually replenish short-lived resident macrophage
populations such as those in the gut (Bain et al., 2014). Furthermore, F4/80"
BMDMs infiltrate into tissues upon an inflammatory insult, such as bacterial
infection, often causing the disappearance of the ResM® population (Barth et al.,
1995). Despite their disappearance it has been shown that after an acute
inflammatory insult, surviving ResM® undergo a CSF-1 driven proliferative burst to

restore the ResM® pool (Davies et al., 2011).
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In a genome wide expression array, F4/80™ and F4/80" macrophages from naive
animals at embryonic day 16.5 clustered separately, illustrating that ontogeny has a
direct impact upon M® function. F4/80™ macrophages were enriched in transcripts
Maf, Cx3crl and Csflr, whereas F4/80" M® displayed a transcriptional phenotype
associated with BMDMs (Gata2, Ccr2, Flt3) (Schulz et al., 2012). These data
suggested that F4/80™ tissue ResM® possess an underlying transcriptional profile
determined by their origin, which would dictate their functional capabilities. Beyond
the importance of origin, tissue specific transcription factors are implicated in driving
further tissue M® differentiation. Salll has been identified as a transcription factor
enriched in microglia, Car4 in lung macrophages, Clec4f in Kupffer cells and Spi-c,
and Gata6 in red pulp M® and peritoneal M® respectively (Lavin et al., 2014, Yang
et al., 2013, Kohyama et al., 2009, Okabe and Medzhitov, 2014).

The local microenvironmental signals which drive these tissue-specific transcription
factors have remained elusive until recent years. Within the spleen, heme has been
shown to mediate Spi-c expression, thereby driving the efficient iron recycling
function of splenic red pulp M® (Kohyama et al., 2009, Haldar et al., 2014).
Similarly, TGF-B is necessary for the development of microglia and promotes the
specific transcriptional profile associated with this resM® population (Abutbul et al.,
2012, Butovsky et al., 2014). Within the peritoneal cavity, the transcription factor
GATAG has been identified as an essential regulator of resM® phenotype (Rosas et
al., 2014, Okabe and Medzhitov, 2014). GATAG6 expression is regulated by
omentum-released retinoic acid, derived from dietary vitamin A. A subset of 44
genes were identified as being specific to peritoneal macrophages when compared to
lung, liver, spleen, intestine and adipose tissue M®. Expression of 39 % of these 44
genes is GATA6-dependent. This illustrates that, while the vitamin A- retinoic acid-
GATAG axis is one dimension of control, additional transcription factors must be
responsible for the regulation of the remaining 61 % of peritoneal M® specific
genes. One such GATAG6-indepenent gene is Cd102, which encodes the cell surface
integrin CD102/ICAM2 (Okabe and Medzhitov, 2014).

TIM4 is a type 1 transmembrane protein responsible for binding phosphatidylserine

on the surface of apoptotic cells that has also been used to identify resM® in the
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peritoneal cavity (Miyanishi et al., 2007, Davies et al., 2011). The GATAG6
dependence of TIM4 expression is unclear. The total number of TIM4" resM® are
significantly decreased in mice which specifically lack GATA6 in the myeloid
compartment. However this could be reflective of the total decrease in M® number
also observed (Rosas et al., 2014). Furthermore, 7im4 does not appear in a list of the
44 most changed genes in myeloid specific GATA6 KO mice (Okabe and
Medzhitov, 2014).

It remains controversial whether origin is the determining factor in enabling a
population to carry out its specific function or whether BMDM®s can acclimatise
and replace prenatally derived resM® i.e. during infection or with age. Recently
some progress has been made on this front; BMDM®s transplanted into lethally
irradiated hosts assumes an enhancer profile of the host embryonically derived
macrophages in a tissue-specific manner. This included the Gata6 locus for
peritoneal macrophages (Lavin et al., 2014). The development of a Kit" M’ fate-
mapping mouse has illustrated that most tissue resident macrophage populations,
with the exception of microglia and dermal Langerhans cells, are derived from HSC
(Sheng et al., 2015). Macrophages of yolk sack, foetal liver, and bone marrow origin
have been shown to differentiate into functional alveolar macrophages (AM®) when
transferred into GM-CSF knock out mice, which lack AM® due to their
developmental dependence on this cytokine (van de Laar et al., 2016). Once isolated,
the AM® of distinct ontogenies had assumed a near identical transcriptional profile
to that of wild type AM® and few ontogeny related transcripts could be described
(van de Laar et al., 2016). Thus local conditioning factors and perhaps to a lesser
degree origin can shape the transcriptional status of a mature M® population. This
status is likely to determine the functional response of the population upon exposure

to inflammatory stimuli such as TLR agonists or polarising cytokines.

IL-4 is the central cytokine of type 2 immunity. In its absence resistant C57BL/6
mice are rendered susceptible to L. sigmodontis infection, with blood mf detected at
day 60 pi (Le Goff et al., 2002). IL-4 induces proliferation of resM®, enabling a
large increase in local pleural M® number by day 11 pi with L. sigmodontis (Jenkins

et al.,, 2011). Through the use of clodronate-loaded liposomes and bone marrow
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chimeric mice, this local expansion was shown to be independent of F4/80 blood
monocytes. The proliferative program induced by IL-4 supersedes homeostatic

proliferation permitted by CSF-1(Jenkins et al., 2013).

In addition to proliferation, IL-4 polarises macrophages toward an M(IL-4) activation
phenotype, characterised by expression of RELMa, Yml, and arginase-1. Gundra et
al. has demonstrated that while both recently recruited BMDM® and resM®
populations can assume an M(IL-4) activation phenotype (Argl”, Ym1", RELMa"),
these two populations are otherwise phenotypically and functionally distinct (Gundra
et al., 2014). Microarray analysis clearly illustrated that M(IL-4) derived from the
BM and resM® possess diverse transcriptional profiles and subsequently cell surface
phenotypes (Gundra et al., 2014). Thus, these data suggests that the function of a

cellular population in response to polarising stimuli is affected by origin.

Macrophage numbers increase greatly in the pleural space during L. sigmodontis
infection, making them one of the most abundant cell types in both resistant and
susceptible strains. While a dominant cell in the pleural space of both strains,
previous studies have highlighted a trend toward greater total M® number in the
resistant C57BL/6 strain over the BALB/c at day 30 pi (Babayan et al., 2003). Given
our increased knowledge of macrophage origin and proliferation, I decided to
investigate if the mechanisms of macrophage accumulation are equal between
strains. In particular I wanted to ask if the resident macrophage population generated
via local proliferation was involved in worm killing or if there was a need for an
influx of monocytes, with greater anti-helminthic capabilities, from the bone marrow.
Conversely, I was interested in how the M® dynamics in the susceptible strain may

differ from that in the resistant C57BL/6 mice.

To address these questions I have examined the dynamics of pleural cell
accumulation over the course of L. sigmodontis infection in both C57BL/6 and
BALB/c mice, focusing specifically on the macrophage compartment. I chose to look
at day 11, 28, 35 and 50- post infection in both strains. Previous work in the lab has
identified day 11 as the peak of macrophage proliferation, prior to day 30 pi. In order
to address the developmental progress of the worm between strains, I chose day 28

pi; a time point at which the worm should be moulting into adulthood. The peak of
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pleural cell accumulation has previously been noted to occur ~day 35, thus I chose
this date in the hope of identifying differences in the cellular infiltrate which may
correlate with worm killing. Lastly, I chose to investigate day 50 pi as this is prior to
the onset of patency in the BALB/c (~day 55 pi) strain and the infection should still
be active in the C57BL/6 strain.

Expression of colony stimulating factor receptor 1 (CSF-1R) and CD11b were used
to identify the total macrophage population. CX3CR-1, also known as the fractalkine
receptor, is a chemokine receptor expressed by monocytes, DCs, subsets of NK cells
and T cells but not by most differentiated macrophage populations. In CX3CR1-GFP
reporter mice the resident macrophage population are CX3CR1 GFP’, which express
high levels of the cell surface marker F4/80 and low levels of MHC II (Jung et al.,
2000). Furthermore, through the use of partial-bone marrow chimeric mice our lab
has verified F4/80" as a resolute marker for resident macrophages. The remaining
F4/80" population constitutively represents 10-20% of the M® compartment, express
a high level of MHC II and label CX3CR1-GFP", illustrating the bone marrow origin
of this population (Ghosn et al., 2010, Jung et al., 2000). Due to the influx of
monocytes into the macrophage compartment during infection I further divided the
F4/80° cells into MoM® (F4/80°MHC™Ly6C"), and recently recruited monocytes
(F4/80°MHC"™Ly6C"). I stained for the transcription factor GATA6 and the cell
surface molecules CD102 and TIM4 in order to look at tissue-specific markers of
residency. These markers have been described for the peritoneal cavity and pleural

cavities (Rosas et al., 2014, Bain et al., 2016).
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2.3 Results

2.3.1 Differences in worm recovery and pleural cell
accumulation are evident from day 11 post infection.

WT C57BL/6 and BALB/c female mice were infected with 30 L3s subcutaneously
into the scruff. In order to quantify worm recovery the pleural cavity was washed at
each time point pi. As expected, a greater degree of worm killing was seen in the
C57BL/6 strain over the time course. From day 11 pi there was already a trend
toward fewer worms being recovered from infected C57BL/6 mice versus BALB/c,
this trend continued and enhanced worm killing in the C57BL/6 strain resulted in
significant differences in recovery rate at day 35 and day 50 pi compared to BALB/c
mice (Figure 2-1A). It must be noted that the data represented here are a combination
of two separate experiments; one with time points day 11 and 28 pi and the second
with time points day 35 and 50 pi. A single experiment with all four time points was
carried out (See Appendix 1), however due to the time it takes to count infectious
doses and infect 48 animals, this experiment was inconsistent. Consequently I
decided to combine two of the most representative experiments for presentation here.
As a result, the apparent ‘increase’ in recovery rate between day 28 and 35 pi in the
susceptible BALB/c strain is a reflection of experimental variance; worm number
cannot increase within the host (Figure 2-1A). By day 50 pi, the number of
recoverable worms from the C57BL/6 strain had decreased to ~7% (~2
worms/mouse) of the initial dose. In contrast, ~37% (~11 worms/mouse) were still
recovered in BALB/c mice (Figure 2-1A). In addition, by day 35 worm growth was
stunted within the C57BL/6 host compared to BALB/c mice, with shorter male and
female worms recovered from the pleural space (Figure 2-1B). Differences in female
worm length were still observed at day 50 pi (Figure 2-1B). However differences in
male worm length were not always significant (See Appendix 2). Variation in worm
width was only seen between female worms at day 35 pi with narrower worms
recovered from the C57BL/6 host. While this difference in worm recovery rate and
worm health at day 35 and 50 is consistent with a meta-analysis of strain differences,
previous studies failed to obtain statistically significant differences at day 30 pi from

a single experiment (Graham et al., 2005, Babayan et al., 2003).
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Figure 2-1 Differences in worm survival and health are evident from
day 35 pi

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L. sigmodontis
L3 larvae subcutaneously (s.c) and sacrificed on days 11, 28, 35 and 50 pi via anaesthetic overdoes
followed by cutting of the brachial artery. The pleural cavity was washed with 10 ml RPMI (1 % pen-
strep, 1 % L-glutamine) to isolate the pleural cells and surviving worms (A) Percentage of the worms
recovered from the pleural space upon necroscopy. (B) Length and width of the female and male
worms isolated from the pleural cavity of infected C57BL/6 and BALB/c hosts at day 35 and 50 pi.
The worm recovery data is representative of three independent experiments, with 6 mice per time
point. The break in graph (A) illustrates that two separate experiments are presented. Significance was
determined via 2-way ANOVA and Bonferroni’s test.
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In addition to worm recovery, the pleural cavity was washed to obtain the pleural exudate
cells (PLEC) for quantitative analysis via multiparameter flow cytometry. The staining
and gating strategy illustrated in Figure 2-2 was used to determine which cellular
populations contributed to the heightened cell number in C57BL/6 mice. Overall,
significantly more total cells were isolated from the pleural cavity of infected C57BL/6
compared to BALB/c mice from day 11-35 pi (Figure 2-3A). There were a greater
number of neutrophils present in cavity of C57BL/6 mice at day 28 and 35 pi, however
this cell type accounts for <1% of the total cells present at these time points (Note scale at
10°) (Figure 2-3B). T cell number did not differ until day 50 pi, with greater numbers of
T cells isolated from BALB/c mice (Figure 2-3C). B cell numbers, peak in the cavity at
day 28 and while the trend of B cell accumulation was similar between strains, the
number found in C57BL/6 mice was twice that found in the BALB/c mice between day
28-50 pi (Figure 2-3D). Eosinophils were the cell type that increased most relative to
naive animals. Differences in eosinophil number were not observed at day 28/35 pi,
however greater numbers were present in the C57BL/6 strain at day 11 and significantly

more were isolated from the BALB/c strain at day 50 (Figure 2-3E).

The most striking finding was the difference in macrophage cell numbers over the course
of infection (Figure 2-3F). By day 11 pi there was a 18-fold increase in the number of
macrophages in infected C57BL/6 mice relative to naive, compared to a 4-fold increase
in the BALB/c strain. This initial difference in macrophage accumulation resulted in six
times the number macrophages in the C57BL/6 strain as there was in the BALB/c mice at
day 11 pi (Figure 2-3F). A considerable difference in macrophage number between

strains was maintained throughout the time course (Figure 2-3F).
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Figure 2-2 Gating strategy used to identify pleural leukocyte

populations.

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L. sigmodontis
L3 larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi via an anaesthetic
overdoes followed by cutting of the brachial artery. The pleural cavity was washed with 10 ml RPMI
(1 % pen-strep, 1 % L-glutamine) to isolate the pleural exudate cells (PLEC) and surviving worms.
The PLEC was plated at 1X10° cells/200 pl / well and washed twice in PBS prior to incubation with
an Aqua Live Dead Stain, a blocking reagent and surface staining antibodies. Following staining for
surface antigens the cells were permeabilized overnight in 100 pl of 1X permeablization buffer,
eBioScience. Samples were subsequently acquired on an LSR II (A) The gating strategy and various
antibody-staining panels used to identify the cellular populations within the PLEC.
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Figure 2-3 Enhanced M® and B cell numbers are associated with

resistance

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L. sigmodontis
L3 larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi via an anaesthetic
overdoes followed by cutting of the brachial artery. At each time point the pleural cavity was washed
out with 10 ml RPMI (1% LG, 1% PS). The pleural cell populations were identified via flow
cytometry using the vigorous gating strategy illustrated in Fig2-2. (A) Total cells (B) neutrophils (C)
T cell (D) B cells (E) Eosinophils (F) Macrophages. Data are representative of three independent
experiments with 6 mice/group/time point. The break in the graphs illustrates that animals from day
11&28 were infected on a single day and animals from day 35 & 50 were infected on a separate day.
A 2-way ANOVA was carried out at each time point. * P<0.05, ** P<0.01, ***P<0.0001,****
P<0.00001. Bars are representative of the mean + SEM
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2.3.2 Failure to expand and maintain a resident cell
population distinguishes susceptibility from resistance

To determine the contributions of resident and bone marrow derived macrophage
populations to the overall macrophage number during infection, I divided the
compartment into three sub-populations; F4/80™, MoM® and Monocytes (Figure
2-4A). This revealed that the difference in total M® number between strains was a
result of heightened F4/80™ cells in C57BL/6 mice (Figure 2-4B&C). There were
more MoM® in the C57BL/6 strain at day 11 pi however; numbers did not differ
throughout the remainder of the time course (Figure 2-4D). A significant influx of
bone marrow derived Ly6C" monocytes was seen in the cavity of the BALB/c strain

at day 35 and day 50 pi that was not observed in the C57BL/6 mice. (Figure 2-4E).

In naive C57BL/6 controls the F4/80" population (Blue) constituted 80-90% of the
total M® population (Figure 2-5A). The remaining 10-20 % of the M® compartment
was composed of MoM® (Green). There was negligible contribution of monocytes
to the M® population in the C57BL/6 strain (Red) (Figure 2-5A). In naive and
infected BALB/c mice, the F4/80™ population represented 70-80 % of the M®
compartment at day 11 pi, slightly lower than what was observed in the C57BL/6
strain (Figure 2-5B). There was a trend toward a decline in the percentage of F4/80™
cells contributing to the M® pool in naive C57BL/6 mice with age and this was
prevented by infection (Figure 2-5A). A similar, yet more pronounced decline in the
percentage of the F4/80" population contributing to the M® compartment was
observed in naive and infected BALB/c mice (Figure 2-5B). This decline is marked
by a corresponding increase in percentage of bone marrow derived MoM® in the
cavity. Infection in BALB/c mice did not prevent this age related decrease in F4/80™
cell percentage but exacerbated their decline through recruitment of monocytes from
the bone marrow (Figure 2-5B). Infection driven expansion of the F4/80" M®
population in the BALB/c strain was less than a third of that seen in the C57BL/6
strain (Figure 2-5C&D). Consequently, by day 50 pi in the BALB/c strain, MoM®
and Monocytes represent >50 % of the macrophage pool (Figure 2-5B&D).
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Figure 2-4 Differences in M® numbers is a result of heightened
F4/80"™ cells in the C57BL/6 strain

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L3 L.
sigmodontis larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi and the
pleural cavity was washed out with 10 ml RPMI (1% LG, 1% PS) to isolate the PLEC and surviving
worms. (A) representative FACS plots from day 35 pi showing the gating strategy to identify and
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macrophage (C) F4/80" (D) MoM® (F4/80°MHC 'Ly6C") and (E) monocytes (F4/80°Ly6C") cell
number over the course of infection in C57BL/6 and BALB/c mice. A 2-way ANOV A was carried out
on each time point. Bars represent the mean +/- the SEM and data are representative of three
independent experiments, with 6 mice per group/time point. The break in the graphs illustrates that
animals from day 11&28 were infected on a single day and animals from day 35&50 were infected on
a separate day. * P<0.05, ** P<0.01, ***P<0.0001,**** P<(0.00001.
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Figure 2-5 Dynamics of the M® compartment are distinct between

strains

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L3 L.
sigmodontis larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi and the
pleural cavity was washed with 10ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the pleural exudate
cells (PLEC) and surviving worms. At each time point post L. sigmodontis infection the macrophage
population was subdivided into F4/80", MoM® and monocytes using the gating strategy illustrated in
Figure 2-4. The percentage contribution of each subpopulation to the M® compartment as a whole
within naive and infected (A) C57BL/6 and (B) BALB/c mice. Actual numbers of each subpopulation
within naive and infected (C) C57BL/6 and (D) BALB/c mice. The break in the graphs illustrates that
animals from day 11&28 were infected on a single day and animals from day 35&50 were infected on
a separate day.
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The transcription factor GATA6 and the cell surface marker CD102 have been
identified as markers of residency expressed by the F4/80™ population within the
peritoneal and pleural spaces (Okabe and Medzhitov, 2014, Rosas et al., 2014). In
alignment with this, the F4/80™ population of naive C57BL/6, naive BALB/c mice
and infected C57BL/6 mice, were more that 90 % positive for GATA6 and CD102
(Figure 2-6A&B). Additionally, neither MoM® nor Monocytes express GATA6 or
CD102 in naive animals (Figure 2-6A&B). There was a decline in the percentage of
the F4/80™ population within infected BALB/c mice expressing GATA6 and CD102
by day 50 pi (Figure 2-6B). This did not reach significance but is reflective of the
migration of MoM® into the F4/80™ M® gate.

The age related decline in the percentage of F4/80™ cells contributing to the M® pool
in naive C57BL/6 mice and the corresponding increase in MoM®, resulted in a
decline in GATAG6 but not CD102 expression by the total M® pool between day 11
and day 50 pi (Figure 2-6C&D). As infection within the C57BL/6 mice prevented
this age-related decline in F4/80" cell contribution at day 50 pi, GATA6 and CD102
expression were maintained at > 90 % by the M® compartment as a whole (Figure
2-6C). This resulted in significantly greater GATAG6 expression by the infected M®
compartment of C57BL/6 mice at day 50 pi relative to their naive controls (Figure

2-6C).

The decreased F4/80" cell contribution to the M® compartment in the BALB/c strain
from 8 weeks of age (day 11 pi) was reflected in a significantly lower percentage of
the M® pool staining positive for GATA6 and CD102 compared to C57BL/6 naive
controls (Figure 2-6C&D). Furthermore as BALB/c mice age and the percentage of
F4/80" cells contributing to the M® compartment declines, the expression of
GATA6 and CDI102 by the M® compartment decreases also (Figure 2-6C&D).
Ultimately, this increases the difference in GATA6 and CD012 expression between
naive C57BL/6 and BALB/c mice (Figure 2-6C&D). As infection does not prevent
the age related decline in F4/80™ cell contribution in the BALB/c strain, there is
significantly less GATA6 and CDI102 expression by the total macrophage
compartment of infected BALB/c mice vs. C57BL/6 mice at day 11 and 50 pi
(Figure 2-6C&D)
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Figure 2-6 Influxing bone marrow derived cells result in a global
decrease in GATA6 and CD102 expression by macrophages in

susceptible BALB/c mice

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L. sigmodontis
L3 larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi and the pleural
cavity was washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the pleural exudate cells
(PLEC) and surviving worms. At each time point post L. sigmodontis infection the macrophage
population was subdivided into F4/80™, MoM® and monocytes using the gating strategy illustrated in
Figure 2-4. Representative FACS plots of GATA6 and CD102 expression by F4/80", MoM® and
monocytes in (A) C57BL/6 and (B) BALB/c mice at day 11 and 50 pi (C) GATA6 and (D) CD102
expression by the macrophages compartment in naive and infected C57BL/6 and BALB/c mice at day
11 and day 50 pi. Data are representative of three pooled experiments. * P<0.05, ** P<0.01,
***¥P<(0.0001,**** P<0.00001 as determined by a 2 way ANOVA. Error bars are the mean = SEM.
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In the gut and recently the peritoneum, Ly6C" monocytes have been shown to
infiltrate tissues under homeostatic conditions and mature via a ‘monocyte waterfall’
to replenish the resident M® population (Bain et al., 2014). Bain et al have recently
extended this finding to the peritoneal and pleural spaces of C57BL/6 mice,
illustrating that F4/80'° BMDM® contribute to the resM® population in naive mice
as they age (Bain et al., 2016). In our experiments, there appears to be a ‘monocyte
waterfall’ within the M® compartment of infected BALB/c mice, with monocytes
(Ly6C'MHC") appearing to mature into MoM® (F4/80°MHC"Ly6C") through
sequential loss of Ly6C and acquisition of MHC expression (Figure 2-7A).
Furthermore, in many samples there was a suggestion of MoM® migrating into the
F4/80"™ gate and an increase in MHC II expression by the F4/80" population,
potentially suggestive of complete replenishment of the resident population in this
strain by BMDM®. The continual decline the in percentage of F4/80" M® in both
naive and infected BALB/c mice suggests that recruited BMDM® fail to integrate
into the resident niche at a rate sufficient to maintain the F4/80™ population at 80 %
of the M® compartment (Figure 2-5B). While some of the MoM® population
upregulate F4/80 and consequently migrate into the F4/80" gate (Figure 2-7A), these
cells fail to assume GATAG6 and CD102 expression, as indicated by a decline in these
markers by the F4/80™ population by day 50 pi (Figure 2-6B).

To address whether proliferation could be solely responsible for the large increase in
F4/80™ cell number seen during infection, the percentage of F4/80" cells expressing
high levels of Ki67 was assessed at each time point. Expression of Ki67 can be used
to identify cells in active cell cycle, and we have shown that cells expressing high
levels of Ki67 overlap with BrdU positive events, following a 3 hours BrdU pulse
(Jenkins et al., 2013). Day 11 pi was the only time point at which proliferation
peaked above homeostatic levels in either strain (See appendix 4). At this time point,
the level of F4/80™ cell proliferation was significantly greater in the C57BL/6 strain
compared to the BALB/c at day 11 (Figure 2-7B).

Unpublished data in the lab has revealed that proliferation can be shut off very
rapidly, thus it is possible that we missed subsequent proliferative bursts outside of

the time points examined. To indirectly address this issue we asked if the degree of
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macrophage accumulation is intact in Cer2”” mice, in which monocyte recruitment is
absent due to an inability of monocytes to egress from the bone marrow (Tsou et al.,
2007). Unfortunately, due to failures in the rederivation process I was unable to
obtain Ccr2”” mice on the BALB/c background. Nonetheless, Ccr2”™ mice on the
C57BL/6 background were infected with L. sigmodontis for 28 days and the PLEC
was then isolated. The number of eosinophils, dendritic cells and M® detected in the
pleural cavity at day 28 pi was significantly decreased in Cer2”” vs. WT mice (Figure
2-8A&C). This difference in M® number was primarily reflective of the significant
decrease in MoM® and monocytes within the infected cavity. However, while not
significant there was a slight decline in F4/80™ cell number in the Ccr2”™ mice vs.
WT (Figure 2-8D&F). Parallel to reduced F4/80™ cells, a similar decline in the
number of GATA6 and CD102 positive cells was observed in the Ccr2” mice
compared to WT (Figure 2-8G&H). The decrease in eosinophils, DC, and BMDMs
did not significantly affect the worm recovery rate at day 28 pi (Figure 2-81I). This
data suggests that at day 28 pi the majority of the expanded of F4/80™ population in
the C57BL/6 strain is a result of resM® proliferation, with room to speculate that a
small degree of bone marrow derived M® recruitment contributes to the total M®

number.
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Figure 2-7 BMDM® form a 'monocyte waterfall' with resM® in
susceptible BALB/c mice, whereas resistance is marked by F4/80"

cell proliferation

C57BL/6 and BALB/c female mice, aged 6-8 weeks, were infected with 30 infective L. sigmodontis
L3 larvae subcutaneously (s.c). Mice were sacrificed on days 11, 28, 35 and 50 pi and the pleural
cavity was washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the pleural exudate cells
(PLEC) and surviving worms. F4/80", MoM® and monocyte populations were using gating strategy
illustrated in Fig 2-4A (A) movement of monocytes, MoM® and F4/80" subpopulations through the
M® compartment of naive and day 50 pi C57BL/6 and BALB/c mice. Data are representative of 3
independent experiments with 6 mice/group. (B) Detection of F4/80™ cells expressing high levels of
Ki67 at day 11 pi in C57BL/6 and BALB/c mice. Data are representative of three pooled experiments.
***¥P<(.0001 as determined by a 2 way ANOVA. Error bars are the mean £ SEM.
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Figure 2-8 F4/80" cell expansion displays independence from

BMDM® at day 28 pi

Cer2” C57BL/6 and Charles River WT control female mice were infected with 30 L. sigmodontis L3
larvae subcutaneously. The animals were sacrificed 28 days post infection, worm recovery and pleural
cells were isolated through washing of the pleural cavity with 10 ml RPMI (1 % L-Glut, 1 % Pen-
Strep). Graphs are representative plots from infected animals (A) eosinophils (B) dendritic cells (C)
CD115" Macrophages (D) F4/80" (E) MoM® (F) monocytes. Percentage of M® expressing (G)
GATAG6 and (H) CD102. (I) Recovery rate. Bars represent mean = SEM and are representative from
two independent experiments, each with 6 mice/group. * P <0.05, ** P<0.001 as determined by
Student’s t test and Mann Whitney test.
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2.3.3 Integration into the resident macrophage compartment
rather than origin underlines the resistant phenotype

Day 11 pi was the only time point at which we observed proliferation above
homeostatic levels. The data from Ccr2”” C57BL/6 mice suggested that expansion of
the F4/80™ resM® population can occur independently of recruitment of bone
marrow derived cells, presumably through IL-4 driven proliferation. Knockout mice
are an invaluable tool in immunological research, however the lack of CCR2 from
birth may have global effects upon development. Thus in order to definitely prove
that the enhanced F4/80" cell numbers in the resistant C57BL/6 strain are a result of
proliferation of a resM® population we generated partial bone marrow chimeric

mice, in which recruitment of cells from the bone marrow can still occur.

To do this, the lower limbs of CD45.1"* C57BL/6 females were lethally irradiated,
the upper body and thereby the pleural space is protected by a lead block (Figure
2-9A). The partially irradiated hosts are subsequently injected i.v with 5X10° bone

marrow cells from donor CD45.2™"

mice, to reconstitute the bone marrow of the
lower limbs. The degree of donor cell contribution to any tissue population can then
be calculated by dividing the percentage of CD45.2" cells in the tissue by that
observed in the blood (Figure 2-9B). By generating partial bone marrow chimeric
mice we can ask to what degree bone marrow derived cells contribute to the
expanded F4/80" population observed in the pleural cavity during L. sigmodontis
infection. The animals were assessed on days 35 and 50 pi. These mice were allowed
to reconstitute for 9 weeks prior to infection and thus were on average 9 weeks older
than those in previous experiments. If the expanded F4/80" cells were a result of IL-

4 driven expansion of a resident population, this F4/80™ population would be greater

than 95 % CD45.1".

As in previous experiments many of the C57BL/6 mice had cleared infection by day
50 (Figure 2-10A). The level of F4/80" cell contribution was maintained at 80-90 %
of the total M® compartment and (Figure 2-9D) similar numbers of F4/80" cells
were isolated (Figure 2-10B). The donor CD45.2" cells comprised on average 15%
of the circulating blood monocytes at 5 and 8 weeks post irradiation, this degree of

blood chimerism was maintained until days 35 and 50 pi (Figure 2-9C). Surprisingly,
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the percentage of F4/80" cells derived from the bone marrow at day 35 pi in naive
and infected animals was ~50 % and this increased further by day 50 pi to ~80 %
(Figure 2-10C). There was no difference in the level of chimerism observed between
naive and infected animals at either day 35 or 50 pi, suggesting that the increased
contribution of BMDM to the F4/80" pool is an age related phenomena, which is not
accelerated by nematode infection (See schematic Figure 2-12). This data is
supported by a very recent publication by Bain et al (Bain et al., 2016). showing a
gradual replenishment of the pleural F4/80™ population by BMDM® with age. Bain
et al, showed that by 19 weeks of age, the level of bone marrow cell contribution to
the pleural macrophage compartment is ~50 %. My experimental mice were
approximately 18 weeks of age at the time of infection. Thus by the time the mice
were infected, 50 % of the F4/80" population had already been replenished from the
BM. The fact that host and donor cell contribution to the F4/80" pool remained
constant between naive and infected animals at day 35 and day 50 despite a 27-fold
increase in cell number is supportive of proliferation of the pre-existing resident
F4/80" population independent of their origin (Schematic Figure 2-12). Furthermore,
the data suggests that there is no difference in the proliferative capabilities of donor
and host derived cell F4/80" cells. Indeed, host and donor derived F4/80" M®
illustrated no difference in the percentage of Ki67 positivity in either naive controls
or at day 35/50 pi (Figure 2-11.). However, the percentage of Ki67 positive cells in
the infected mice at day 35 and 50 pi was significantly lower than what was observed
in naive controls, suggestive of a post-proliferative shut-down (Figure 2-11).
Consequently these data support the recent publication by Bain et al in showing
equal capabilities of donor and host derived resM® to proliferate during homeostasis
and extend these observations to the infection driven expansion of the F4/80"

population seen during L. sigmodontis infection.

The transcription factor GATAG6 and cell surface markers CD102 and TIM4 have
previously been used to identify the resM® population (Okabe and Medzhitov, 2014,
Rosas et al., 2014, Davies et al., 2011). Consistent with that, >95% of the F4/80"
population in C57BL/6 mice was positive for GATA6 and CD102 in all experiments
carried out (Figure 2-6A&B). Here, using protected bone marrow chimeras, I asked

the question whether origin influences the ability of a cell to become resident through
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expression of these markers. At day 35 and 50 pi in the chimeric mice >95% of the
F4/80" population was GATA6", 50 % of this population were of donor origin at day
35 pi and this increased to ~80 % by day 50 pi (Figure 2-10D&G). Similarly, while
>98 % of the F4/80™ population was positive for CD102 at day 35 and day 50 pi,
50% of these cells were donor derived by day 35, however this did not increase
further at day 50 pi (Figure 2-10E&H). Previous reports have illustrated >90% of the
F4/80" population in naive animals to be TIM4 positive (Davies et al., 2011).
However, we found that TIM4 was only expressed by ~50% of the F4/80"
population in naive animals (Figure 2-10F&I). The percentage of cells expressing
TIM4 mirrored the level of chimerism found in the F4/80"™ population; indicative of
TIM4 being a true marker of host derived M® (Figure 2-10C). However, while 80 %
of the TIM4" population was of host origin, 20% of the TIM4" F4/80" cells were
BMD (Figure 2-10I). Thus, while BMDM® are capable of assuming a TIM4"
phenotype it would appear to occur at a slower rate than GATA6 and CDI102
acquisition. Interestingly, the percentage of TIM4" cells remained at 50% from 23-35
weeks of age, but the percentage of BMDM incorporation had increased during this
time period. Furthermore, there was an increase in the percentage of cells expressing

TIM4 upon infection (70-80 %)(Figure 2-10F).

Thus, partial bone marrow chimeric mice have revealed that bone marrow-derived
macrophages successfully integrate into the resident F4/80" population in both naive
and infected animals, assuming high levels of F4/80" expression and markers such as
GATA6 and CD102. These data suggest that TIM4 is not a robust marker of
residency as only 50% of the F4/80™ population were TIM4 positive in aged naive
animals. Furthermore, TIM4 is a gene which has been identified as being highly
sensitive to IL-4Ra signalling (Gundra et al., 2014), thereby explaining the sharp

increase in the percentage of TIM4 positive M® upon infection.

Ultimately, these data reveal mechanistic differences in macrophage dynamics
between naive C57BL/6 and the BALB/c mice; there is continual recruitment and
successful integration of BMDM® into the resM® pool in the C57BL/6 mice, in
contrast, recruited BMDM® in the BALB/c strain do not upregulate F4/80, GATA6

or CD102, at a rate sufficient to integrate into the resM® population and maintain a
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resM® dominated M® compartment as seen in the C57BL/6 strain. Furthermore,
infection driven macrophage accumulation differs between the strains, with
proliferation largely contributing to the enhanced numbers in the C57BL/6 and

recruitment driving the expansion in BALB/c mice.
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Figure 2-9 Generation and infection of partial bone marrow
chimeric C57BL/6 mice

Partial bone marrow chimeric C57BL/6 female mice were generated as depicted in Fig 2-8. (A)
CD45.1""" C57BL/6 hosts were irradiated in the lower limbs and subsequently administered donor
CD45.2""" bone marrow i.v. 9 weeks after reconstitution the mice were infected with 30 L.
sigmodontis L3 larvae s.c. The animals were sacrificed on day 35 and 50 pi and the pleural cavity was
washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the PLEC and surviving worms. The
M® compartment was analysed using the gating strategy illustrated in Fig2-2. (B) Degree of bone
marrow derived macrophage contribution to the pleural F4/ 80" population was calculated by dividing
the percentage of CD45.2" F4/80™ cells by the percentage of CD45.2" Ly6Chi monocytes in the
peripheral blood. (C) Blood chimerism at 4 and 8 weeks post irradiation and 50 days pi. (D)
Contribution of M® subpopulations to M® compartment as whole at day 50 pi. Data are
representative of two independent experiments with 10 mice/group/experiment.
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Figure 2-10 Bone marrow derived cells successfully integrate into
the resident F4/80" M® population

Partial bone marrow chimeric C57BL/6 female mice were generated as depicted in Fig 2-8. 9 weeks
after reconstitution the mice were infected with 30 L. sigmodontis larvae s.c. The animals were
sacrificed on day 35 and 50 pi and the pleural cavity was washed with 10 ml RPMI (1 % L-Glut, 1 %
Pen-Strep) to isolate the PLEC and surviving worms. The M® compartment was analysed using the
gating strategy illustrated in Fig2-2. (A) Worm recovery rate at day 35 and day 50 post infection in
partial bone marrow chimeric C57BL/6 mice. (B) F4/80" cell number (C) Percentage of the F4/80h?
cells which are bone marrow derived. Expression of (D) GATAG6 (E) CD102 and (F) TIM4 by F4/80"
M®. (G-I) Percentage of (G) GATA6", (H) ICAM2" (I) TIM4" F4/80™ cells which are BMD in naive
and infected animals at day 35 and day 50 post infection. Data are representative of two independent
experiments with 10 mice/group/experiment. *P<0.05, ** P<0.01, **** P<0.00001 as determined by
a 2 way ANOVA. Error bars are the mean = SEM
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Figure 2-11 Host and donor F4/80™ cells possess equal proliferative

capabilities during both homeostasis and infection

CD45.1"" C57BL/6 hosts were irradiated in the lower limbs and subsequently administered donor
CD45.2"" bone marrow i.v. 9 weeks after reconstitution the mice were infected with 30 L.
sigmodontis larvae s.c. and the pleural M® compartment was analysed at day 35 and 50 pi. (A&B)
Percentage of Ki67 positive CD45.1"" or CD45.2"" F4/80" M® (C&D) Ki67 Geometric mean of the
CD45.1"" or CD45.2"" F4/80" populations at day 35 and day 50 pi in infected and naive controls.
Data are representative of two independent experiments with 10 mice/ group/ experiment. P<0.05, **
P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2 way ANOVA. Error bars are the mean +
SEM.
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2.4 Discussion

Macrophages are one of the most abundant cellular populations present in the pleural
space during infection with L. sigmodontis. Despite this, surprisingly little is known
about how exactly these cells may be involved in worm killing. Previous work in our
lab illustrated that IL-4 drives the proliferation of the resM® population within the
pleural space resulting in a large increase in macrophage cell number by day 11 post
infection (Jenkins et al., 2011). Subsequently, the peritoneal macrophage population
was shown to be derived prenatally independent of HSC in the BM (Schulz et al.,
2012). Furthermore, BMDMs and resM® take on distinct transcriptional profiles
when exposed to IL-4 (Gundra et al., 2014). With this new perspective on
macrophage origin and activation, we decided to reassess the macrophage
compartment in resistant C57BL/6 and susceptible BALB/c mice during L.
sigmodontis infection. A large disparity in macrophage number between infected
C57BL/6 and BALB/c mice at day 30 pi has been noted previously (Babayan et al.,
2003). I hypothesised that this difference may be explained by variation in resM®

proliferation and/or BMDM® recruitment between strains.

Significantly less worms were recovered from resistant C57BL/6 mice from day 35
pi, with a trend evident as early as day 11 pi. This difference in worm recovery was
accompanied by significantly greater pleural cell accumulation in the C57BL/6
strain, which peaked between day 28-35 pi the time points were active worm killing
is occurring. While, a trend toward lower worm recovery in the C57BL/6 strain at
day 10 and 30 pi has been previously documented by others (Babayan et al., 2003),
never has this differences reached statistical significance in a single experiment.
However, a meta-analysis of 85 experiments, previously carried out in our lab,
demonstrated that a real decrease in worm recovery is present in the C57BL/6 strain
from day 10 pi onward (Graham et al., 2005).The detection of differences in worm
recovery from day 10 pi is supportive of enhanced larval killing in the skin or
reduced migration of larvae from the skin to the pleural cavity in resistant C57BL/6
mice. To determine if there are differences in skin killing/ migration through the host
to the cavity, one could investigate worm recovery between strains at day 4 pi, the
time point at which L3 larvae arrive to the pleural cavity. However, given the

number of animals need (~ 80/group) to detect a significant difference in worm

Chapter 2 — Macrophage dynamics are central to worm killing 64



killing at day 10 pi, we hypothesise that the contribution of worm killing in the
skin/during migration to the resistant phenotype is minimal and that the majority of
the worms are killing within the pleural cavity. Here I report significant differences
in worm burden at day 35 pi, which we and others have failed to previously obtain in
a single experiment. Our laboratory has strived to continually improve the L.
sigmodontis life cycle over the past 10 years. Consequently, the health of the L3
larvae is higher than in earlier reports. I believe that the detection of significant
differences in recovery rate at day 35 pi in the experiments presented here is a

reflection of the refinement of the lifecycle.

B cells and M®s accounted for the greater total cell number observed in the resistant
strain. Detailed analysis of the macrophage compartment revealed the enhanced
numbers in the C57BL/6 strain was a reflection of an expanded F4/80™ M®d
population, which continually represented >80% of the M® compartment and
maintained an F4/80"MHCGATA6'CD102" phenotype at all time points examined.
Furthermore, there was negligible influx of monocytes observed in the C57LB/6
mice. This data suggested that there was an expansion and maintenance of the resM®
population, potentially due to IL-4 driven proliferation of the resM® population in
the C57BL/6 host. Previous work has highlighted that there is significantly more IL-
4 detectable in the pleural wash of C57BL/6 vs. BALB/c mice (Babayan et al.,
2003). Indeed a greater degree of proliferation was detected in the C57BL6/ strain at
day 11 pi. As enhanced proliferation was not detected at any of the other time points
examined, we hypothesised additional proliferative bursts occurring between the
time points examined may be responsible for the enhanced F4/80" M® number.
Support for the proliferative expansion of the F4/80" population independently of
BMDM® recruitment was gleaned from experiments in Ccr2” animals, in which

there was no significant difference in F4/80" M® number at day 28 pi.

The large contribution of BMD macrophages to the F4/80™ population observed
through partial bone marrow chimeric mice initially surprised us. However, because
the degree of BMDM® contribution to the F4/80™ population in infected mice was
equivalent to that seen in naive animals this suggested that incorporation of

BMDM® to the F4/80" pleural ResM® pool occurs under homeostatic conditions
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and is an age related phenomena. Bain et al. recently demonstrated that the pleural
macrophage population is continually replenished by BMDM® and that this
contribution increases with age. In this study by 18 weeks of age 50 % of the pleural
F4/80™ population had been derived from the bone marrow (Bain et al, 2016). I take
this as strong evidence that considerable BMDM® incorporation would have
occurred by 19 weeks; the age of my animals upon infection. Thus, the equal degree
of BMDM® contribution between naive and infected animals at day 35 pi, despite a
27-fold difference in cell number illustrates that both prenatally seeded and BMD
F4/80" populations within the pleural space are equally capable of proliferating
locally during infection (see schematic Figure 2-12). A greater degree of BMDM®
contribution to the F4/80™ population of infected animals compared with naive
would have indicated that infection was driving recruitment, whereas had host
derived cells possessed inherent proliferative capabilities above that of F4/80™ cells
of bone marrow origin, the degree of BMDM® contribution would have been lower
in infected animals. Bain et al. demonstrated that host F4/80™ M® possess a lower
level of homeostatic proliferation, as measured by Ki67 positivity, when compared to
donor F4/80™ cells within the peritoneal space. This decreased in-situ self-renewal of
host M® correlated with decreased expression of the CSF-1R. However, upon
exogenous CSF1 administration these cells were capable of proliferating to a degree
equal to that of recently recruited BMD F4/80" peritoneal macrophages (Bain et al.,
2016). In contrast to Bain et al. we did not observe decreased homeostatic
proliferation of host F4/80™ M® compared to donor derived F4/80" M®, as there
was no difference in the Ki67 positivity of CD45.1" F4/80" and CD45.2" F4/80"
cells within naive mice at day 35 or 50 pi, suggesting equal capacity to proliferate
regardless of origin. Furthermore, the degree of proliferation detected in the F4/80™
population of infected animals is significantly lower than that detected in naive
animal. This is suggestive of a shutdown in homeostatic levels of proliferation often

seen after proliferative bursts.

Interestingly, there is an increase in donor contribution to the F4/80™ pool between
23-25 weeks of age. This is easily explained by continual replacement of the resident
population by BMDM® with age. However, the increase in chimerism in the F4/80™

pool of infected animals between day 35 and 50 pi is less easily explained because of
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the decrease in cell numbers between these time points. This increase in chimerism
could be a result of preferential survival of the pre-existing donor cells, increased
recruitment of donor M®, or increased cell death of host M®. I believe that increased
recruitment is a not likely to explain the enhanced chimerism, due to the decrease in
total F4/80™ number. Thus, the increased chimerism in the F4/80" M® pool by day
50 is a reflection of preferential survival of pre-existing donor derived cells and death
of host derived cells (See schematic Figure 2-12). The consistency of macrophage
kinetics between naive controls and infected animals suggests that nematode
infection somehow maintains the normal homeostatic process of ageing without

limiting cell number.

The chimeric data also highlighted the seamlessness with which BMDM® are
capable of assuming a resident macrophage phenotype as evidenced by the up-
regulation of GATA6 and CD102. The transcription factor GATA6 has been
identified as a master regulator responsible for the transcriptional, functional and
phenotypic differentiation of peritoneal M® (Okabe and Medzhitov, 2014, Rosas et
al., 2014). GATAG6 has been linked to the proliferative renewal of resM® and I
believe that this is reflected in the ability of GATA6" donor derived F4/80™ M® to
proliferate and contribute to the expanded resM® population to a degree equal to that
of host derived GATA6" F4/80™ M® (Rosas et al., 2014). Through total irradiation
studies Okabe et al. demonstrated that BMDM® could give rise to bona fide resident
peritoneal macrophages in a gata6-dependent manner. The percentage of resM® in
the peritoneal cavity of vitamin A deficient mice decreases with age, while the
percentage of BMDM® increases (Okabe and Medzhitov, 2014). I believe that this
was not reflective of inflammation but rather the age related increase in BMDM®
contribution to the resM® population and that the absence of vitamin A derived
retinoic acid results in an inability of these cells to integrate into the resident niche
(Okabe and Medzhitov, 2014). CD102 is a retinoic acid-independent marker of
resident macrophages within the peritoneal cavity. The expression of both GATA6
and CD102 by BMDM® in the F4/80™ population of both naive and infected
C57BL/6 mice supports complete integration of these cells into the resident niche.
However, to definitively prove that BMDM® are capable of assuming a
transcriptional profile indistinguishable from that of resident derived F4/80" M it
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would be necessary to carry out microarray analysis of host vs. donor F4/80" M.
This would be extremely challenging due to the fact that only 15 % of blood derived
monocytes express CD45.2, thus the remaining 75% of blood monocytes are
CD45.1" and would be indistinguishable from host CD45.1" F4/80™ cells. However,
my conclusion is supported by work from others in which BMDM® administered to
lethally irradiated hosts assume an enhancer profile nearly identical to that of
peritoneal resM® from non-irradiated controls and this included the gata6 locus
(Lavin et al., 2014). Further, BMDM® transferred into GM-CSF knockout mice are
capable of differentiating into functional aM®, with a transcriptional profile near
identical to that of WT aM® (van de Laar et al., 2016). Ultimately, we have shown
that large expansion of F4/80" macrophages associated with resistant C57BL/6 mice
is a result of proliferative expansion of the resM® population present in the pleural
space at the time of infection, independent of their origin. Furthermore, there is a
continual increase in the contribution of BMDM® to the resident pool with age and
nematode infection does not alter this process, but merely lifts the homeostatic

controls on numbers.

The degree of macrophage accumulation in the BALB/c mice over the course of
infection was only a third of that seen in C57BL/6 mice and this was a result of
significantly less F4/80™ cells from day 11 pi. This suggested less M® proliferation
in this host, which was confirmed through Ki67 staining at day 11 pi. Outside the
F4/80™ M® expansion the macrophage compartment dynamics were strikingly
different to those observed in the C57BL/6 mice. There was an increasing percentage
of BMDM® contributing to the M® compartment of naive and infected BALB/c
mice and this resulted in a decline in the percentage of resM®. Given the recent data
by Bain et al, on the replenishment of resM® by F4/80"° BMDM®s (Bain et al.,
2016), the continual decline of F4/80™ cells in the BALB/c strain was suggestive of
an inability of BMDM® to efficiently integrate into the resident niche and this was
reflected in the global decrease in GATA6 and ICAM2 expression by the
macrophage pool by day 50 pi (25 weeks of age). In the infected animals there was
migration of the MoM® population into the F4/80™ gate resulting in a decline in
ICAM? positivity in the F4/80" resM® population at day 50, indicating that the rate

of conversion in the BALB/c strain is inefficient to successfully convert influxing
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cells into resM® (Fig. 9B). The failure of these BMDM® to successfully integrate
into the F4/80™ population may be a reflection of a deficit in local retinoic acid or

epigenetic silencing at the gata6 locus, which has been noted for thioglycollate

elicited macrophages (Okabe and Medzhitov, 2014).

There was a striking influx of Ly6C" monocytes into the pleural cavity of susceptible
BALB/c mice at day 35 and 50 pi. There may be several factors which drive this
monocytic influx. In the naive BALB/c mice there is a continual decline the
percentage of F4/80"™ cells within the macrophage compartment and a corresponding
increase in MoM®. It may be that nematode infection accelerates this rate of
homeostatic recruitment, resulting in increased monocyte recruitment, which would
normally occur at a slower rate. Alternatively, as the adult worms are considerably
longer at day 35 pi in the BALB/c mice they are more likely to induce tissue damage,
thereby driving monocyte recruitment. During S. mansoni infection an influx of
monocytes is observed at 7 weeks pi in the liver, this influx correlates with female
production of eggs and subsequent egg-induced inflammation (Pearce and
MacDonald, 2002, Nascimento et al., 2014). It is possible that the monocyte influx
observed at day 35 pi of L. sigmodontis BALB/c mice is a result of early
reproductive secretions by the adult worms which are reaching sexual maturity and
mating within the BALB/c host at this time point, however this is this influx is too
early to correlate with mf production which does not occur until day 55 pi(Hoffmann

et al., 2000).

Large differences in B cell numbers were also noted throughout the time course, with
significantly more B cells present in the pleural space of resistant C57BL/6 mice
from day 28- 50 pi. B cells and their antibody products play a central role in anti-
parasitic immunity (Esser-von Bieren et al., 2013, Rajan et al., 2005, Carter et al.,
2007). During secondary H. polygurus infection M® work collaboratively with
antibodies to trap and kill invading larvae (Esser-von Bieren et al., 2013). During L.
sigmodontis infection, B cells within the fat associated lymphoid structures of the
pleural space proliferate and produce antigen specific IgM; this is true of both
susceptible BALB/c and resistant C57BL/6 mice up until day 18 pi (Jackson-Jones L

et al., unpublished data). Given the greater number of total B cells, I suspect that
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there is much more IgM present in the pleural space of C57BL/6 mice relative to
BALB/c. This is suggestive of a protective role for antibodies early during L.
sigmodontis infection and 1 would hypothesise that local IgM and M® populations
work collaboratively to form granulomas, eventually leading to death of the L.
sigmodontis worm in resistant C57BL/6 mice. In contrast, a detrimental role for B
cells during chronic L. sigmodontis infection of susceptible BALB/c mice has been
illustrated with JH”" and pMT”" BALB/c mice failing to develop patent infection
(Martin et al., 2001) (Knipper JA et al., unpublished data). The contribution of B
cells to the resistant and susceptible phenotypes and how antibodies might interact
with macrophages to elicit worm killing during L. sigmodontis infection requires

further study.

To summarise, in this chapter I have carried out the first detailed side-by-side
comparison of the macrophage compartment in naive and L. sigmodontis infected
C57BL/6 and BALB/c mice and highlighted the fundamental differences in M®
kinetics between these two commonly used laboratory strains. In the C57BL/6 host,
the F4/80™ cell number increases significantly over that seen in the BALB/c
primarily through proliferation of a resident macrophage population alongside
continual slow integration of bone marrow derived macrophages. In contrast, the M®
compartment in the BALB/c host displays a program of recruitment and failed
integration rather than proliferation of a resident population. Worm killing in the
C57BL/6 strain is a gradual process that is most effective between day 35 and day
50. At these time points the composition of the macrophage compartments between
C57BL/6 and BALB/c is vastly different, with the C57BL/6 host containing a highly
resident compartment and the BALB/c host possessing a M® population which is
~50% composed of cells displaying a classic BMD phenotype. Gundra et al. have
demonstrated that M® displaying a classical F480" phenotype take on an
alternatively activated phenotype which is distinct from that of resident F4/80™ M®
in response to IL-4Ra signalling. Bone marrow derived alternatively activated
macrophages express high levels of the marker PD-L2 and the retinoic acid
regulating enzyme Raldh2; neither of these markers are expressed by F4/80™ cells at
day 11 pi with L. sigmodontis in C57BL/6 mice (Gundra et al., 2014). PD-L2 and

Raldh2 have been implicated in the induction of hyporesponsive and regulatory T
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cell phenotype, which are known to delay worm killing in the BALB/c strain (van
der Werf et al., 2013). Chapter 3 investigates the functional consequences of distinct
macrophage compartment dynamics when these cells become alternatively activated

during L. sigmodontis infection.
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Figure 2-12 Proposed mechanism of macrophage expansion in

resistant C57BL/6 and susceptible BALB/c mice

A) C57BL/6 - Resident pleural F4/80™ macrophages are continually replenished by BMDM® with
age, maintaining the F4/80" population at 80 % of the M® pool. Upon infectionAF4/80hi MO
proliferate to generate an expanded F4/80™ population. Host and donor derived F4/80"™ M® display
equal proliferative capabilities by 23 weeks of age/ day 35 pi. By day 50 pi (25 weeks) of age the
percentage of BMDM® contribution to the M® pool increases and this is a result of death of host
derived F4/80™ M® and preferential survival of BMD F4/80" M®. (B) BALB/c- The percentage of
F4/80" cells contributing to the M® pool declines with age and the percentage of MoM® increases.
Upon infection there is early proliferation of the F4‘/80hl population and an influx of bone marrow
derived monocytes, which mature into F4/80°MHC"Ly6C" MoM®. By day 50-post infection BMD
monocytes and MoM® constitute 50 % of the M® compartment, these cells fail to integrate into the
resident niche through upregulation of GATA6 and CD102.
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Chapter 3  Functional relevance of distinct
macrophage compartments during Litomosoides
sigmodontis infection

3.1 Summary

Chapter 2 highlighted the distinct M® dynamics occurring within naive and infected
C57BL/6 and BALB/c mice; resistance was associated with an expanded F4/80™
resM® population of mixed origin whereas susceptibility was marked by an
increasing percentage of BMDM® and decline in resM® dominance. Outside of
RELMa, YM-1 and Arg-1 expression, ResM® and BMDM® assume vastly different
transcriptional and cell surface phenotypes in response to IL-4 stimulation, reflecting
the functional consequences of alternative activation of M® with distinct
phenotypes. This chapter highlights a greater rate of M® turnover in susceptible
BALB/c mice and confirms a mechanism of continual recruitment and inefficient
integration of BMDM® into the resM® niche. The M® compartment of susceptible
BALB/c mice contains a large proportion of BMDM® by day 50 pi that once
alternatively activated is highly positive for the immunosuppressive marker PD-L2.
Depletion of monocytes prior to day 35 pi confirmed an immunosuppressive role for
BMD AAM® in this strain, however this was independent of PD-L2. PD-L2
expression on the resM® compartment of resistant C57BL/6 mice was negligible and
depletion of the expanded F4/80™ population in this strain was indicative of an active
role for AAM® possessing a resM® phenotype in parasite killing. The results from
this chapter highlight a distinct role for recently recruited alternatively activated
macrophages in suppression the Ty2 immune response and an opposing role of
alternative activated macrophages possessing a resM® phenotype in active worm

killing.

3.2 Introduction

The accumulation of large number of alternatively activated macrophages is a
hallmark of type 2 immunity. AAM® are generated through signalling from the IL-
4Ra subunit, resulting in STAT6 activation and expression of the molecules;

RELMoa, YMI and arginase-1 (Stein et al., 1992, Doyle et al., 1994, Loke et al.,
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2002). Despite the large accumulation of these cells during parasite infection, their

precise function is still largely unknown.

M® depletion during primary Nippostrongylus brasiliensis and secondary
Heligmosomoides polygyrus infection resulted in reduced resistance, thereby
illustrating an active role for M® in worm killing (Anthony et al., 2006, Zhao et al.,
2008). AAM® bind parasite specific IgG antibodies during challenge infection with
H. polygyrus, resulting in Arg-1 expression and subsequent trapping and killing of
larvae. Complement component 3 was also necessary for the antibody-M® mediated
larval trapping, illustrating that worm killing is a concerted effort between multiple
players of the immune system (Esser-von Bieren et al., 2013). Another example of
the multidisciplinary action necessary for worm killing can be seen during
Strongyloides stercoralis infection in which M®, neutrophils and complement work

collaboratively to kill the larvae (Bonne-Annee et al., 2013).

Conversely, AAM® are also highly implicated in the regulation and suppression of
the T2 immune response. RELMa and Arg-1 have both been shown to suppress
CD4" T cell production of IL-4, IL-5 and IL-13, illustrating an immunosuppressive
role for these characteristic molecules of alternative activation (Nair et al., 2009,
Pesce et al., 2009b). However, while RELMa deficiency during N. brasiliensis
infection resulted in increased resistance (Pesce et al., 2009b) its absence during
Schistosoma mansoni infection cumulated in exacerbated pulmonary fibrosis and
enhanced susceptibility (Nair et al., 2009, Pesce et al., 2009b). A critical role for
RELMa has been demonstrated in directing collagen deposition and successful
wound repair (Knipper et al., 2015), thus the enhanced pulmonary fibrosis observed
during S. mansoni infection likely reflects this deficit in wound repair. Similarly,
macrophage specific depletion of Arg-1 during S. mansoni infection resulted in
increased liver fibrosis and Ty2 related pathology(Pesce et al., 2009a), whereas in the
context of secondary H. polygyrus infection Arg-1 expression was necessary for the
larval trapping by the macrophage-antibody-complement complexes (Esser-von
Bieren et al., 2013). Interestingly, Bone-Annee et al. demonstrated that expression of
RELMa and Arg-1 was dispensable for the M®-neutrophil-complement mediated

killing of S. stercoralis larvae and Esser-von Bieren et al. found that while IL-4 was
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not necessary for the macrophage-antibody-complement trapping of H. polygyrus
larvae, it was important in driving the local M® accumulation. Collectively, these
data highlight that the role of AAM® and their associated molecules is highly
context and parasite specific and illustrates the need for a greater understanding of

the AAM® phenotype in disease settings.

The realisation that IL-4 induces the proliferative expansion of local prenatally
derived resM®, which may be completely distinct from BMDM® (Jenkins et al.,
2011), added an additional layer of complexity to the investigation of AAM®
function in worm killing. Specifically the question arose as to whether differences
exist in the modes of alternative activation assumed by BMDM® versus resM® upon
exposure to IL-4 and whether these differences could resolve the discrepant findings

regarding AAM®O function in worm killing vs. immunosuppression.

In order to address the effect of [L-4 on M® populations of diverse origin, Gundra et
al. induced the accumulation of alternatively activated macrophages of bone marrow
origin (BMD AAMO®) in the peritoneal cavity, through injection of thioglycollate and
IL-4c, and compared the proliferation, alternative activation and transcriptional
landscape of these cells to AAM® generated from resident cell proliferation,
injection of IL-4c alone. IL-4 induced proliferation of both BMD and resM®,
however the resM® population proliferated to a significantly greater degree.
Furthermore, while both BMDM® and resM® upregulated RELMa, YM1 and Arg-1
in response to IL-4Ra stimulation, microarray analysis revealed an otherwise diverse
transcriptional and cell surface phenotype between these populations. In particular,
PD-L2 and Raldh were identified as specific markers of BMD AAM®. Whereas,
uncoupling protein 1 (UCP-1), involved in thermogenesis was identified as being
selectively expressed by resident derived AAM®. AAM® in the liver of S. mansoni
infected animals were shown to be derived from the bone marrow and express high
levels of PD-L2 (Nascimento et al., 2014, Gundra et al., 2014). Conversely, the
expanded resident derived AAM® population in the pleural cavity of L. sigmodontis
infected C57BL/6 mice was PD-L2 negative (Gundra et al., 2014). While both BMD
and resident derived AAM® inhibited CD4" cell proliferation in vitro, only BMD
AAM® polarised T cells toward a FoxP3" CD4" phenotype and this was through

Chapter 3 — Functional relevance of distinct M® compartments 75



expression of the enzyme Raldh (Gundra et al., 2014). Raldh is the rate-limiting
enzyme in the oxidation of the vitamin A derivative retinal to retinoic acid (RA). In
the gut expression of Raldh by CD103" DCs and local TGF-P results in the induction
of inducible Tregs (iTregs), which are necessary for tolerance against food antigens
(Sun et al., 2007). PD-L2 is a ligand for the T cell receptor programed death 1(PD-1),
involved in T cell inhibition in the periphery (Liang and Sha, 2002). PD-1 knockout
mice develop spontaneous autoimmunity. Expression of PD-L2 on AAM® is stat6
dependent (Loke and Allison, 2003) and result in the inhibition of T cell proliferation
(Huber et al., 2010).

Prior to the appreciation that resM® and BMDM® have distinct origins, PD-L2 and
raldh expression, in conjunction with their inhibitory effects, were assigned to
AAM®. Gundra et al. have revealed that these immunosuppressive functions of
AAMO® are specific to BMDM® and in doing so the questions arises if AAM® of
bone marrow origin are immunosuppressive and whether AAM® derived from
resident cell proliferation are constructive to an effective T2 immune response and

worm killing.

Chapter 2 highlighted the distinct mechanisms of M® accumulation between
resistant and susceptible strains during L. sigmodontis infection. In resistant
C57BL/6 mice M® accumulated through local proliferation of the resM®
population, which is continually replenished from the bone marrow with age. In
contrast, in the susceptible BALB/c strain there is a large influx of BMDM®, which
diminish the dominance of the resM® population and fail to integrate into the local
niche through up regulation of GATA6 and CD102. Chronic L. sigmodontis infection
of susceptible BALB/c mice is characterised by the induction of a hyporesponsive T
cell phenotype, whereby antigen specific CD4" Ty2 cells express PD-1 and
diminished production of IL-4, IL-5 and IL-2 (van der Werf et al., 2013). The
induction of this hyporesponsive T cell phenotype was reversed through the
administration of an anti-PD-L.2 antibody and patent infection failed to develop in
these normally susceptible BALB/c mice. Furthermore, the onset of this

hyporesponsive T cell phenotype was identified as occurring between day 20-60 post
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infection (van der Werf et al., 2013), mirroring the window in which I observed and

influx of BMD monocytes into the pleural cavity of infected BALB/c mice.

Thus in Chapter 3, I address whether the influx BMD monocytes seen in the BALB/c
strain assume an immunosuppressive AAM® phenotype and thereby contribute to
the susceptibility of the BALB/c strain, specifically asking if these cells are PD-L2"
and responsible for the induction of a hyporesponsive T cell phenotype. Conversely,
through depletion of the resident derived AAM® population in the C57BL/6 strain, I

investigate if this population is actively contributing to worm killing.
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3.3 Results

3.3.1 Differences in alternative activation of the MO®
compartment confirm distinct dynamics between
strains

WT C57BL/6 and BALB/c mice were infected with L. sigmodontis s.c, and
sacrificed on day 11, 28, 35 and 50 pi. The pleural cavity was washed to isolate the
PLEC and the M® compartment was analysed via intracellular flow cytometry for

expression of markers of alternative activation; RELMa and PD-L2.

The strains illustrated equal capacity to express RELMa upon infection, with ~99 %
of the M® population staining positive from day 11-50 pi (Figure 3-1A), furthermore
there was no difference in the mean fluorescent intensity of the infected M®
compartments (Figure 3-1B). However, due to the large disparity in total M®
number between the strains, there was significantly more RELMa. positive M® in the

C57BL/6 strain over the BALB/c at day 11, 35 and 50 pi (Figure 3-1C).

Administration of IL-4c to WT mice, results in the majority of the pleural M®
compartment expressing RELMa, this expression is diminished in IL-4Ra” mice,
illustrating the direct role for IL-4 in RELMa induction(Jenkins et al., 2011). Thus,
we expected no detectable expression of RELMa in naive controls and were
surprised to observe ~80 % RELMa positivity in the M® compartment of BALB/c
mice and 50 % in C57BL/6 at 10 weeks of age (Figure 3-1A). The percentage of
RELMa positive cells was significantly higher in the BALB/c mice compared to
C57BL/6 at 10 weeks. Despite the majority of the M® compartment expressing
RELMau in naive animals (Figure 3-1A), the mean fluorescence intensity of the M®
population was significantly lower when compared to that of infected mice at day 11,
28 and 35 pi (Figure 3-1B). The low geometric mean of the M® population in naive
animals suggests that each cell expresses many fewer RELMa molecules when

compared to their counterparts in infected animals.
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Figure 3-1 RELMa expression by the M® compartment highlights
differential homeostatic mechanisms between strains, but equal

capacities during infection

C57BL/6 and BALB/c female mice aged 6-8 weeks were infected with 30 L. sigmodontis L3 larvae
s.c. The animals were sacrificed on days 11, 28, 35 and 50 pi and the pleural cavity was washed with
10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the PLEC and surviving worms. The total M®
population was identified using the gating strategy illustrated in Fig2-2. (A) The percentage of M®
expressing RELMa (B) Geometric mean of the M® population. (C) Total number of RELMa positive
M®. Bars are representative of mean + SEM, data are representative of 3 independent experiments
with 2-6 mice/group. * P<0.05, ** P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2 one
way ANOVA.
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At 10 weeks of age, the F4/80™ population dominates the M® compartment in both
strains; in C57BL/6 mice the F4/80" population maintains its presence with age and
infection, whereas in the BALB/c the percentage of F4/80™ cells gradually declines
(Chapter 2- Fig. 5A&B). Consequently, the percentage of M® expressing RELMa at
10 weeks is reflective of the expression levels within the F4/80™ compartment at this
time point (Figure 3-2A). There was a significant decline in the percentage of M®
expressing RELMa in naive C57BL/6 mice between 10 and 11 weeks of age, and
this was reflective of the shutdown in RELMa expression in the F4/80" population
(Figure 3-1A & Figure 3-2B). In contrast, the F4/80" population of naive BALB/c
mice remained ~80 % RELMa positive at 11 weeks of age and declined gradually to
50 % by 13 weeks (Figure 3-2A). The percentage of RELMa expression by the
MoM® population was maintained at ~60 % and ~85 % in C57BL/6 and BALB/c

mice respectively at all time points examined (Figure 3-2B).

Due to lack of events at day 11 and 28 post infection and from naive animals, data
for the expression of RELMa by monocytes at these time points could not be
generated. However, ~85 % of monocytes that had infiltrated into the pleural cavity
at day 35 were RELMa positive and this declined to ~55 % by day 50 pi (Figure
3-2C). Thus, during infection the M® population in C57BL/6 and BALB/c strains
were equally capable of assuming an alternatively activated M® phenotype through
RELMa induction. In order to further validate the differences in M® dynamics
observed in Chapter 2, I decided to assess expression of PD-L2 in the M®
compartment of infected C57BL/6 and BALB/c mice at day 50-post infection.
Expression of PD-L2 has been identified as a marker of alternatively activated

macrophages of bone marrow origin (Gundra et al., 2014).

A striking difference in the percentage of PD-L2 positive M® was observed between
infected C57BL/6 and BALB/c mice; with a significantly greater percentage PD-L2"
M® in the BALB/c strain (Figure 3-3A). Acquisition of PD-L2 expression occurred
as cells migrated through the monocyte-MoM® maturation waterfall, with MoM®
expressing more PD-L2 than monocytes (Figure 3-3B&C). Importantly this was true
of both strains, though expression was always significantly less in the C57BL/6 mice

(Figure 3-3B&C). Furthermore, in the BALB/c mouse PD-L2 expression was not
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restricted to the monocyte and MoM® populations with a considerable percentage of
the F4/80™ population expressing PD-L2 at day 50 pi (Figure 3-3D). The
representative flow cytometric plots highlight the increased movement of the PD-L2"
cells through the macrophage compartment of BALB/c vs. C57BL/6 mice (Figure
3-3E). Expression of PD-L2 on the F4/80" population of infected BALB/c mice
highlights the bone marrow origin of these cells and is supportive of BMDM®
recruitment and delayed integration into the resident niche through down regulation

of PD-L2 and assumption of a GATA6'CD102" phenotype.

In the C57BL/6 partial bone marrow chimeric mice we observed that ~80 % of the
F4/80™ population in both naive and infected animals at day 50/25weeks of age were
derived from the donor M®, supporting integration of BMDM® into the resM®
pool. In these experiments the bone marrow derived macrophages were capable of
assuming a resident F4/80™,GATA6", CD102" phenotype. Here we detect ~30% PD-
L2 expression on the MoM® population (Figure 3-3C) in the C57BL/6 mice,
whereas <4% of the F4/80™ population is PD-L2" (Figure 3-3D), this suggests that in
the C57BL/6 mice as MoM® assume a resM® phenotype PD-L2 expression is lost.
In order to investigate this hypothesis further, I co-stained the M® population at day
50 pi for both CD102 and PD-L2 (Figure 3-3F).

There was a significantly greater percentage of CD102PD-L2" cells in both naive
C57BL/6 and BALB/c mice compared to their infected counterparts (Figure 3-1G).
These cells represent the BMD MoM® that normally constitute 20 % of the M®
compartment in an 8-week-old naive mouse and increase in dominance in aged
BALB/c mice (Chapter 2 Fig5B). Consequently, a significantly greater percentage
CD102PD-L2" cells were present in the M® compartment of naive BALB/c than
naive C57BL/6 mice at 12-14 weeks of age (Figure 3-3G). Approximately 50 % of
the M® compartment in infected BALB/c was CD102'PD-L2", a significantly greater
percentage than that detected in the M® compartment of naive controls or infected
C57BL/6 mice (Figure 3-3H). Furthermore, a significantly greater percentage of
double positive CD102'PD-L2" cells were detected in the M® compartment of
infected BALB/c mice vs. naive controls or infected C57BL/6 mice (Figure 3-31). In
both naive and infected C57BL/6 mice, more than 80 % of the M® compartment was

Chapter 3 — Functional relevance of distinct M® compartments 81



CD102"PD-L2 and this was significantly greater than the percentage of CD102 PD-
L2 cells in the M® compartment of naive and infected BALB/c mice (Figure 3-3J).
Despite the high degree of BMDM® contribution to the resM® compartment of
C57BL/6 mice, which was revealed by bone marrow chimeric studies, there was
negligible detection of CDI102'PD-L2" cells in this strain. The absence of
CD102"PD-L2" cells in the C57BL/6 strain suggests that bone marrow derived
macrophages rapidly transit through a PD-L2" intermediate before adapting to local
niche factors and assuming a F4/80"™, GATA6", CD102", PD-L2 resM® phenotype.
Additionally, these data reiterate that in the BALB/c strain there is an increasing
percentage of BMDM® to the M® compartment of naive mice, resulting in an
increase in CD102PD-L2" cells and a decrease in resident CD102 PD-L2" cells, this
BMDMO® recruitment and decline in resM® was initially suggestive of an inability of
BMDMO® to integrate into the resident niche. While the majority of recruited
BMDM® assume an alternatively activated CD102PD-L2" phenotype upon
infection in the BALB/c strain, a smaller percentage of CD102"PD-L2" expressing
cells were detected. The presence of CD102'PD-L2" expressing cells in the M®
compartment of the BALB/c strain highlights that BMDM® can assume a resident
M® phenotype, but that the rate of recruitment is greater than the rate of conversion

in the BALB/c strain.
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Figure 3-2 RELMa expression by M® subpopulations

C57BL/6 and BALB/c females were infected with 30 L3 L. sigmodontis larvae s.c. C57TBL/6 and
BALB/c female mice aged 6-8 weeks were infected with 30 L. sigmodontis L3 larvae s.c. The animals
were sacrificed on days 11, 28, 35 and 50 pi and the pleural cavity was washed with 10 ml RPMI (1 %
L-Glut, 1 % Pen-Strep) to isolate the PLEC and surviving worms. Flow cytometric staining strategy
depicted in Fig2-2 was used to identify the M® subpopulations (A-C) The percentage of (A) F4/80"
(B) MoM® and (C) monocytes expressing RELMa within the pleural cavity of naive and infected

C57BL/6 and BALB/c mice.
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Figure 3-3 M® expression of PD-L2 and CD102 reveal mechanistic

differences in alternative activation and conversion between strains
C57BL/6 and BALB/c female mice aged 6-8 weeks were infected with 30 L. sigmodontis L3 larvae
s.c. The animals were sacrificed on day 50 pi and the pleural cavity was washed with 10 ml RPMI (1
% L-Glut, 1 % Pen-Strep) to isolate the PLEC. The total M® population was identified using the
gating strategy illustrated in Fig2-2. (A-D) PD-L2 expression by (A) total M® (B) monocytes (C)
MoM® and (D) F4/80" (E&F) Representative plots illustrating (E) PD-L2 expression throughout the
M® compartment and (F) expression of PD-L2 and/or CD102 by the M® subpopulations. (G-J)
Expression or lack thereof CD102 and PD-L2 by M® compartment. Bars are representative of mean +
SEM, data are representative of three independent experiments with 6 mice/group. * P<0.05, **
P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2 one way ANOVA.
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3.3.2 BMDM® are detrimental to worm Kkilling an a PD-L2-
independent manner at day 35 pi in susceptible BALB/c
mice

The time course analysis carried out in Chapter 2 highlighted that one of the most

striking differences between resistant C57BL/6 mice and susceptible BALB/c mice

was the presence of a large expanded F4/80" resM® population in C57BL/6 mice
and the influx of monocytes into the susceptible strain. These influxing bone marrow
derived monocytes form a ‘monocyte waterfall’ throughout the M® compartment
and express high levels of PD-L2. During L. sigmodontis infection of susceptible

BALB/c mice, antigen specific CD4" Ty2 cells are conditioned toward a

hyporesponsive T cell phenotype, characterized by expression of PD-1 and

diminished production of IL-4, IL-5 and IL-2 (van der Werf et al., 2013).

Administration of an anti-PD-L2 antibody restored T cell function and patent

infection failed to develop in these normally susceptible BALB/c mice. The onset of

this hyporesponsive T cell phenotype was identified as occurring between day 20-60

post infection (van der Werf et al., 2013). Here I aim to assess whether monocytes,

which infiltrate into the pleural space of susceptible BALB/c mice are detrimental to
worm killing, through induction of a hyporesponsive T cell phenotype via PD-L2

expression.

First, I sought to characterise and correlate the M® and T cell dynamics at day 50 pi.
As in previous experiments there was a higher degree of BMDM® contribution to
the M® compartment of BALB/c mice compared to C57BL/6 mice (Figure 3-4A).
Within the pleural cavity a trend toward a greater T2 response in the C57BL/6 strain
was observed, with slightly more of the CD4" T cells expressing the Ty2 master
transcription factor GATA3 than in the BALB/c strain (Figure 3-4B). The Ty2
response in the draining parathymic lymph nodes was significantly greater in
infected C57BL/6 mice compared to BALB/c (Figure 3-4C). Of note however, is that
the frequency of Ty2 cells is unchanged between naive and infected BALB/c mice,
suggestive of a shutdown back to basal levels. Furthermore, there is a trend toward a
greater frequency of Ty2 cells in the parathymic lymph nodes of naive BALB/c mice
compared to C57BL/6. There was a greater percentage of PD-L2" cells in all M®
sub-populations of the BALB/c strain vs. C57BL/6 (Figure 3-3B-D) and this
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translated numerically to a much greater proportion of the BALB/c M® being PD-
L2" (Figure 3-4D&E), thereby increasing the likelihood of a PD-L2" M® interacting
with a GATA3'CD4" T cell and inducing a hyporesponsive T cell phenotype. Taken
together, this data confirms a greater percentage of PD-L2" M® and a weaker Ty2
response can be seen in the susceptible BALB/c mice at day 50 pi when compared to
resistant C57BL/6 mice. When a correlation analysis of the percentage of PD-L2"
M® and the worm recovery rate was carried out a strong correlation with a spearman
co-efficient of 0.749 was obtained (Figure 3-4F). As illustrated in Chapter 2 (Chapter
2 Fig. 3), M® and B cells are the two cell types, which are most different between
resistant C57BL/6 and susceptible BALB/c mice. Previous work has hypothesised
the B cells may be the cell type responsible for inducing the hyporesponsive T cell
phenotype during L. sigmodontis infection (van der Werf et al., 2013). Here I found
that there were many more PD-L2" M® in the cavity than there were PD-L2" B cells
(Figure 3-4G) and therefore continued to investigate the detrimental role of BMDM®
to worm killing in the susceptible BALB/c mice.

The influx of monocytes into the pleural cavity of BALB/c mice was observed from
day 35 post infection, a time point at which active worm killing is occurring in the
C57BL/6 strain. In order to prevent this monocyte influx and determine if doing so
resulted in enhanced worm killing, an anti-CCR2 or control rat IgG antibody was
administered daily intraperitoneally from day 31-34-post infection and the animals
were sacrificed on day 35 (Figure 3-5A). This experiment was carried out four times
and the prevention of the monocyte infiltration was successful in three of these
experiments. As in previous experiments, a considerable influx of monocytes was
detected in the M® compartment of control rat IgG treated mice, resulting in a
decline in the percentage of F4/80™ M® (Figure 3-5B). Successful prevention of the
monocyte influx was determined by the absence of monocytes and the maintenance
of the F4/80™ population at ~80 % of the total M® compartment. In one of the four
experiments carried out, the monocyte influx had occurred prior to the administration
of the anti-CCR2 antibody, enabling the monocytes to mature into MoM® and
escape depletion (Figure 3-5B). This resulted in significantly more MoM® in the
cavity of these mice and significantly less F4/80" M® (Figure 3-5B). Thus, I chose

to exclude this experiment from further analysis.
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Figure 3-4 PD-L2 expression in susceptible BALB/c mice correlates

with reduced worm Killing and a hyporesponsive Ty2 cell phenotype

C57BL/6 and BALB/c female mice aged 6-8 weeks were infected with 30 L. sigmodontis L3 larvae
s.c. The animals were sacrificed on day 50 pi and the pleural cavity was washed with 10 ml RPMI (1
% L-Glut, 1 % Pen-Strep) to isolate the PLEC and the draining parathymic lymph nodes were also
isolated. The total M® population was identified using the gating strategy illustrated in Fig2-2 and T
cell compartment identified using staining panel outlined in Materials and Methods Table 6. (A)
Contributions of M® subpopulations to M® as a whole. (B&C) Percentage of CD4" cells expressing
GATAS3 in the (B) PC and (C) dLN. (D&E) Total number of PD-L2" macrophages across the
macrophage subpopulations in (D) C57BL/6 and (E) BALB/c mice. (F) Correlation of the percentage
of M® expressing PD-L2 and worm recovery rate (G) comparison of total PD-L2" M® and B cells in
the PC at day 50 pi. Bars are representative of mean + SEM, data are representative of three
independent experiments with 6 mice/group. * P<0.05, ***P<0.0001 as determined by a 2 one way
ANOVA

Chapter 3 — Functional relevance of distinct M® compartments 87



A 30L3ss.c a-CCR2 /Rat IgG
(20 pg/mouse/day, i.p)

222

Day 31-34
Day 35
F4/80" - CSF-1R*, CD11b*, F4/80"
MoM® — CSF-1R*, CD11b*, F4/80'", Ly6C-
Monocytes — CSF-1R*, CD11b*, F4/80°, Ly6C*
- Infected Rat IgG - Infected a-CCR2
8 3
% 100+ g 100+
-§- 80 rli -§- 80+ *:::
% 60~ ns 8 60 ns
E *kkk § :***
5 401 ol 5 40
g 2] g 2
L L
Outlier Outlier

Figure 3-5 Anti-CCR2 treatment successfully depletes Ly6C"
monocytes but not MoM® or F4/80" M®

BALB/c female mice were infected s.c. with 30 L. sigmodontis L3s and treated with a monocyte
depleting anti-CCR2 a mAb or control from day 31-34 pi. The animals were sacrificed on day 35 pi
and the pleural cavity was washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) to isolate the PLEC.
The total M® population was identified using the gating strategy illustrated in Fig2-2. (A) Schematic
illustrating anti-CCR2 administration. (B-C) Percentage of F4/80", MoM® and monocytes
contributing to the macrophage compartment at day 35 within infected (B) control Rat IgG and (C)
anti-CCR2 treated mice. Bars are representative of mean = SEM, (B-C) representative of 4
independent experiments with 5,10,6 and 6 mice per group (B&C) * P<0.05, ** P<0.01,
***¥P<(0.0001,**** P<0.00001 as determined by a 2 way ANOVA.
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When the influx of monocytes into the pleural space was successfully prevented this
resulted in a significant increase in worm killing (Figure 3-6A). While the difference
in worm recovery between Rat IgG and anti-CCR2 treated mice does not appear
striking, it is extremely unusual to have BALB/c mice which have cleared the worm
by day 35 pi. In the anti-CCR?2 treated group 29 % of the mice had cleared the worm
compared to 5% in the rat IgG treated group (Figure 3-6A). Anti-CCR2 treatment did
not affect the number of F4/80™ M® in the cavity (Figure 3-6B), but successfully
depleted MoM® (Figure 3-6C) and monocytes (Figure 3-6D). This difference in
worm killing could not readily be attributed to PD-L2 expression on the M®
compartment as there was no significant difference in the number of PD-L2" M®
between anti-CCR2 treated and Rat IgG treated controls (Figure 3-6E). There was
also no difference in the number of Ty2 cells between control and monocyte depleted
mice in the pleural cavity at day 35 pi (Figure 3-6F). However, the quality of the
local Ty2 response in the pleural cavity of monocyte-depleted mice was significantly
greater with more of the Ty2 cells producing IL-4 (Figure 3-6G) and a trend toward
greater IL-5 (Figure 3-6H) and IFNy production (Figure 3-61). Within the draining
lymph nodes, there was no detectable difference in number of T2 cells (Figure 3-6J)
or their production of IL-4 (Figure 3-6K) or IL-5 (Figure 3-6L) between control Rat
IgG and anti-CCR2 treated mice. There was however an increase in IFNy production
by GATA3" CD4" cells within the draining lymph nodes upon monocyte depletion
(Figure 3-6M).

These data confirm that the influx of bone marrow derived macrophages into the
pleural space of susceptible BALB/c mice is detrimental, resulting in decreased
worm killing and a weakened Ty2/Ty1 response, that is essential for worm killing in
susceptible BALB/c mice (Saeftel et al., 2003). However, we failed to see an effect
of monocyte depletion on the percentage or number of PD-L2" M®, thus the
detrimental role of monocytes on worm killing is likely PD-L2-independent at day
35 pi. The percentage of PD-L2 expression observed in both Rat IgG controls and
anti-CCR2 treated mice at day 35 pi was considerably lower than what had
previously been observed at day 50. Analysis of the PD-L2 expression on the M®
compartment at day 11, 28, 35 and 50 pi revealed that induction of PD-L2 on the M®
compartment did not peak until between day 35 and day 50 post infection (Figure
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3-7A&B). Thus, while the monocyte influx occurs at day 35 pi, these cells do not
become alternatively activated and up-regulate PD-L2 until day 50 pi.

In order to determine if PD-L2" M® are involved in the induction of the hypo-
responsive T cell phenotype at day 50 pi, we administered the anti-CCR2 antibody
from day 31-34 post infection and subsequently isolated the PLEC at day 50 pi
(Figure 3-7C). Monocyte depletion prior to day 35 pi did not result in increased
worm killing by day 50 pi in BALB/c mice (Figure 3-7D). This was not too
surprising as analysis of the M® compartment revealed that monocyte depletion was
only transient. By day 50, there was an influx of monocytes into the pleural cavity of
several of the anti-CCR2 treated mice (Figure 3-7E) and while no difference in
MoM® was detected (Fig. 7F), the percentage of F4/80" M® had declined to ~30 %,
similar to what was seen in Rat IgG treated mice (Fig. 7G). However, in both the Rat
IgG and anti-CCR2 treated groups, the mice that had cleared the worms (green) were
those in which monocytes had not infiltrated (Fig. 7E), the F4/80" population
remained dominant (Figure 3-7G) and maintained a resident CD102" phenotype
(Figure 3-7H). Furthermore, there was a greater degree of PD-L2 expression on the
M® compartment of the mice with the highest worm burden (red) (Figure 3-71) and a
trend toward less IL-5 and IFNy production by GATA3'CD4" in the pleural space
(Figure 3-7J&K).

Collectively, these data confirm an immunosuppressive role for monocytes within
the susceptible BALB/c strain and highlight that in the absence of monocytes the
mixed Tyl/Tu2 immune response within the BALB/c strain is sufficient to clear the

worm at earlier time points.
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Figure 3-6 Monocyte depletion prior to day 35 promotes worm
killing, independent of M® PD-L2 expression, through enhancing
local Ty2 quality

L. Sigmodontis infected BALB/c mice were treated with a monocyte depleting anti-CCR2 mAb from
day 31-34 pi. The M® compartment and T cell quality in the PC and dLN were assessed on day 35 pi.
(A) Worm burden. (B-E) Total number of (B) F4/80" (C) MoM® (D) Monocytes (E) PD-L2" M®
and (F) CD4" GATA3" T cells in the PC. (G-H) The percentage PC GATA3'CD4" cells expressing
(G) IL-4, (H) IL-5 and (I) IFNy. (J)Total number of CD4" GATA3" T cells in the draining parathymic
lymph nodes. (K-M) The percentage dLN GATA3'CD4" cells expressing (K) IL-4, (L) IL-5 and (M)
IFNy. Bars are represent mean = SEM (A-E) are representative of three independent experiments with
5, 10 and 6 mice/group (F-M) are representative of two independent experiments with 10 and 6 mice
per group. * P <0.05 as determined by an unpaired Student’s t test with Welch’s correction.
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Figure 3-7 Sustained monocyte depletion is associated with

heightened worm Kkilling and decreased PD-L2 expression by M®
BALB/c mice were infected with 30 L. sigmodontis larvae and (A&B) PD-L2 expression by the PC
M® compartment was assessed at day 11, 28, 35 and 50 pi. (A) The percentage of M® expressing PD-
L2 (B) total number of PD-L2" M® at each time point. (C-D) an anti-CCR2 mAb was administered
from day 31-34 pi, the PC was subsequently assessed at day 50 pi. (C) Schematic showing
experimental plan. (D) Recovery rate. (E-G) Frequency of (E) F/80M, (F) MoM® and (G) monocytes
of total M® compartment. M® expression of (H) CD102 and (I) PD-L2 (J) percentage of CD4" cells
expressing GATA3 within PC (K-M) expression of IL-4, IL-5 and IFNy by GATA3 CD4" cells in the
PC. Bars are representative of mean + SEM (A-M) are results from a single experiment with 6/7
mice/group.,**** P<(0.00001 as determined by a 2 way ANOVA
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3.3.3 Depletion of resident macrophages in resistant C57BL/6
mice is suggestive of an active role in worm Kkilling

A large expansion of the F4/80" resM® population was the defining characteristic of
the PLEC from resistant C57BL/6 mice during L. sigmodontis infection.
Consequently I hypothesised that resM® are involved in active worm killing in the

C57BL/6 mice.

In order to address this, we depleted resM® during L. sigmodontis infection through
administration of clodronate-loaded liposomes directly into the thoracic cavity.
Liposomes are spherical vesicles composed of a phospholipid bilayer encasing an
aqueous compartment. The uptake of liposomes containing dissolved clodronate, a
non-toxic bisphosphonate, results in high concentrations of intracellular clodronate
and the subsequent induction of apoptosis in these cells (van Rooijen et al., 1996).
Clodronate liposomes or control PBS was administered on day 27 and 29 pi and the
animals were sacrificed on day 33 (only received clodronate on day 27), 35 and 39 pi
(Figure 3-8A). We had originally hoped to take the day 33 and day 39 time points out
until day 50; a point at which many C57BL/6 mice have cleared the worm, in the
hope of seeing a statistically significant difference in worm killing in the absence of
resM®, however due to ill-health of the animals we had to terminate the experiments

early.

The representative flow cytometric plots clearly illustrate that administration of
clodronate-loaded liposomes resulted in successful depletion of F4/80" M® within
the pleural cavity with the caveat of inducing the recruitment of BMD monocytes
(Figure 3-8B). The successful resM® depletion was evident in the decreased number
(Figure 3-8C) and percentage of F4/80™ M® (Figure 3-8D) present in the pleural
space at day 33, 35 and day 39 pi. While the number and percentage of MoM®
remained unchanged (Figure 3-8E&F) there was a large influx of monocytes into the
cavity at all time points (Figure 3-8G&H). The successful depletion of the F4/80™
M® and influx of monocytes resulted in a decrease in the percentage of M®
expressing CD102 (Figure 3-9A) and an increase in those expressing PD-L2 within
the cavity (Figure 3-9B). Clodronate liposome treatment at day 27 and analysis of

worm recovery on day 33 did not reveal any difference in worm burden (Figure
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2-9C) However, analysis of worm burden at day 35 and 39 revealed a trend toward

less worm killing in mice that had been depleted of F4/80" M® (Figure 3-9D&E).

While M® are the most phagocytic cell present in the pleural space and therefore
most likely to ingest the clodronate liposomes, these vesicles are not specific to M®
and thus may also be taken up both other cell types. At day 33 and 35 post infection,
clodronate liposomes did not appear to deplete any other cells within the pleural
space, specifically B cells, eosinophils, DCs or T cells (Figure 3-10A-E). However,
by day 39 pi the numbers of B cells were also significantly reduced (Figure 3-10A).
It is difficult to decipher if the decrease in B cells was a direct result of clodronate
liposomes ingestion or a result of decreased signalling from the resM® population.
Furthermore, it is impossible to say if the decrease in worm killing observed at day
39 pi was a result of successful depletion of the F4/80™ M® or depletion of B cells
also. Depletion of the F4/80™ M® did not affect the Ty2 immune response at any of
the time points examined, the percentage of Ty2 cells remained constant (Figure

3-10E) as did the production of IL-4, IL-5 and IFNy by these cells (Figure 3-10F-H).

At each time point 200 ul of clodronate loaded liposomes were delivered into the
pleural space. This is a relatively high does, however we felt it an appropriate
amount to target the ~1X10’” M® present in the pleural space from day 28 post
infection. Due to the need for high numbers I excluded naive control groups,
additional experiments by a post-doc in the lab have highlighted that the adverse
affects of intrapleural clodronate-loaded liposomes administrations are only seen in
the infected-clodronate treated group, not the naive-clodronate treated control group,
indicative of a protective role for M® during infection. However, upon necroscopy
clodronate liposomes were isolated from the pleural space of several animals,
indicating an overdoes of clodronate. Furthermore, these mice also presented with

fibrotic livers.

Thus, we while we successfully depleted F4/80" M® through direct delivery of
clodronate-loaded liposomes into the pleural space we failed to obtain a difference in
worm recovery between liposome-treated and PBS-treated mice. Despite our
inability to obtain a difference in worm burden, I am intrigued by the slight trend

toward decreased worm killing in clodronate treated mice. To truly investigate the
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role of the resM® population in worm killing a more direct and specific method of

M® depletion would need to be employed.
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Figure 3-8 Intrapleural administration of clodronate successfully

depletes F4/80" resM® and induces monocyte recruitment

C57BL/6 female mice were infected s.c. with 30 L. sigmodontis L3s and subsequently injected
intrapleurally on day 27 and/or day 29 pi with clodronate liposomes or control PBS. Animals were
sacrificed on days 33, 35 and 39 pi at which point the pleural cavity was washed with 10 ml RPMI (1
% Pen-Strep, 1 % L-Glut) to isolate the pleural exudate cells. (A) Schematic of experimental outline
and necessary endpoints due to ill-health of animals (B) representative flow cytometric plots
illustrating successful depletion of F4/80" M® and subsequent monocyte influx. Number and
percentage of F4/80" M® (C&D), MoM® (E&F) and monocytes (G&F) within the pleural space of
clodronate or PBS treated animals on day 33,35 and 39 pi. Bars are representative of mean = SEM,
each time point is representative of 1 independent experiment with 6 (day 35) — 20 mice/ group. *
P<0.05, ** P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2 way ANOVA
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Figure 3-9 Clodronate depletion of F4/80" resM® in resistant

CS57BL/6 mice is suggestive of a protective role in worm Killing
C57BL/6 female mice were infected s.c. with 30 L. sigmodontis L3s and subsequently injected
intrapleurally on day 27 and/or day 29 pi with clodronate liposomes or control PBS. Animals were
sacrificed on days 33, 35 and 39 pi at which point the pleural cavity was washed with 10 ml RPMI (1
% Pen-Strep, 1 % L-Glut) to isolate the pleural exudate cells and surviving worms. The cellular
populations were identified using the gating strategy illustrated in Fig2-2. Percentage of M®
expressing (A) CD102 or (B) PD-L2 within the pleural space of clodronate or PBS treated animals on
day 33, 35 and 39 pi. Recovery rate at (C) day 33 (D) day 35 (E) day 39 pi. Bars are representative of
mean + SEM, each time point is representative of 1 independent experiment with 6 (day 35) — 20
mice/ group. * P<0.05, ** P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2 way ANOVA.
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Figure 3-10 Clodronate depletion of F4/80" M® is specific at early
time points but affects B cell and eosinophil numbers by day 39 pi

C57BL/6 female mice were infected s.c. with 30 L. sigmodontis L3s and subsequently injected
intrapleurally on day 27 and/or day 29 pi with clodronate liposomes or control PBS. Animals were
sacrificed on days 33, 35 and 39 pi at which point the pleural cavity was washed with 10 ml RPMI (1
% Pen-Strep, 1 % L-Glut) to isolate the pleural exudate cells and surviving worms. The cellular
populations were identified using the gating strategy illustrated in Fig2-2. Total number of (A) B cells
(B) Eosinophils (C) DCs and (D) T cells (E) percentage of CD4" cells expressing GATA3 (F-H)
Expression of IL-4, IL-5 and IFNy by GATA3" CD4" cells in the PC at time points examined. Bars are
representative of mean = SEM, each time point is representative of 1 independent experiment with 6
(day 35) — 20 mice/ group. * P<0.05, ** P<0.01, ***P<0.0001,**** P<0.00001 as determined by a 2
way ANOVA.
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3.4 Discussion

Alternatively activated macrophages have been implicated in the antagonistic
activities of worm killing and suppression of the Ty2 immune response,
consequently deciphering their exact function in anti-parasitic immunity has been
complicated. The realisation that BMDM® are distinct from resM® in their origins
and assume an alternatively activated phenotype which is more immunosuppressive,
offered some insight into these conflicting findings. Chapter 2 revealed that
resistance to L. sigmodontis is associated with proliferation of the resM®
compartment, which is itself continually replenished from the bone marrow by
MoMO®. In contrast, susceptibility was marked by the influx of BMDM®, which
displace the resM® pool. I hypothesised that the distinct dynamics seen between
C57BL/6 and BALB/c mice would result in differences in alternative activation and

ultimately illustrate polarising roles for these M® in worm killing.

While both MoM® and F4/80™ M® displayed equal propensities to induce RELMa
upon infection, a significantly greater number of RELMa positive M® were present
within the pleural space of resistant C57BL/6 mice throughout the course of
infection. Despite this, a significantly greater percentage of T2 cells were detected
in the draining lymph nodes of C57BL/6 compared to BALB/c mice and a similar
trend was observed in the pleural cavity, suggesting a heightened type 2 immune
response in the resistant strain. Thus, this data would suggests that during L.
sigmodontis infection the hyporesponsive T cell phenotype of BALB/c mice is
independent of the reported immunosuppressive functions of RELMa (Nair et al.,

2009, Pesce et al., 2009b).

Bain et al. have recently highlighted that in naive mice, RELMa is expressed by
BMD precursors (F4/80°MHCII'CSF1R") to the F4/80" resident M® pool, thereby
underlining a role for this molecule in the maturation of monocytes through the M®
compartment. Furthermore, RELMao. positive cells within the F4/80™ population of
naive mice were suggested to be recent immigrants into the resident niche (Bain et
al., 2014). Thus, the high percentage of RELMa expression in the MoM® population
(which was defined as F4/80°MHCII'CSF1R 'Ly6C") of naive C57BL/6 and BALB/c

mice reported here are reflective of the continual replenishment of the resident
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F4/80™ population by bone marrow derived macrophages. A significantly greater
percentage of the MoM® and F4/80™ populations are RELMo positive in the
BALB/c strain compared with the C57BL/6, emphasising a greater degree of resident
cell turnover in this strain. The shutdown in RELMa expression from ~50 -10 %
positive seen in the F4/80™ population of naive C57BL/6 mice between the ages of
10 -11 weeks is indicative of considerable integration of BMDM® into the resident
M® population at this age, prior to a switch to a more gradual process of BMDM
integration. BMD monocytes do no contribute to resident Kupffer or arterial
macrophage populations during adulthood (Gomez Perdiguero et al., 2015, Schulz et
al., 2012, Yona et al., 2013). However recent studies have show that immediately
after birth BMD monocytes integrate into these populations and self maintain(Ensan
et al., 2016, Scott et al., 2016). Consequently, a recent review on M® ontogeny has
suggested that a tissue may be temporarily ‘open’ to reconstitution by BMDM® at
birth and remain ‘closed’ throughout adulthood (Ginhoux and Guilliams, 2016). I
suggest that the increase in RELMa positivity seen in the naive C57BL/6 mice at 10
weeks of age is representative of an ‘opening’ of the compartment to BMDM®
integration prior to the assumption of a more gradual process of replenishment.
Precisely why the rate of macrophage turnover is so drastically different between
C57BL/6 and BALB/c mice remains unknown. However, given the suggestion that
microbiome may influence the turnover rate (Sheng et al., 2015), I am curious if the
M® compartment of the BALB/c mice would resemble that of the C57BL/6 if these

mice were also housed in open top cages from birth.

Chapter 2 highlighted the delayed acquisition of residency marker, GATA6 and
CD102, by BMDM® that had entered the F4/80" gate within infected BALB/c mice
(Chapter 2_Fig 6A&B). The detection of PD-L2" cells within the F4/80™ population
of infected BALB/c mice further supports a model of inefficient integration of
BMDM® into the resident M® niche in this strain. Negligible detection of PD-L2
expression by the F4/80™ population of C57BL/6 mice at day 50 pi, despite being ~80
% BMD is evidence that successful integration into the resident niche involves down
regulation of PD-L2. Indeed, BMDAAM® (PD-L2") transferred into IL-4”" mice
down regulated PD-L2 expression and assumed a resident M® phenotype 8 weeks

post transfer (Unpublished data Loke P). Furthermore, these BMD F4/80™ M® could
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proliferate in response to exogenous IL-4 administration but failed to upregulate PD-
L2 again (Unpublished data Loke P). Thus, I propose that PD-L2 is not a bone-fide
marker of alternatively activated M® of bone marrow origin but rather a marker of
alternatively activated monocytes and F4/80' M® prior to their integration into the
resident M® niche. Integration into the resident M® niche results in the upregulation
of GATAG6, and consequently the assumption of a transcriptional profile, which
dictates ones response to environmental stimuli. An outstanding question in the field
is whether maturation into a resident F4/80™ M® results in restricted plasticity of this
cell type. Indeed prenatally seeded cardiac macrophages loose their inherent
proliferative capabilities with age, such that bone marrow derived monocytes are
required to maintain the resident M® pool (Molawi et al., 2014). Similarly, in the
peritoneal cavity, recently recruited donor derived F4/80™ M® possess higher levels
of surface CSF-1R, suggesting that these BMD resM® possess a proliferative
advantage (Bain et al., 2016). Furthermore, it will be interesting to address whether
the macrophage disappearance reaction and subsequent reseeding of the resident pool
is truly a result of proliferative expansion of the initial population or a reflection of

death of incompetent cells and reseeding of the niche by BMDM®.

Through monocyte depletion prior to day 35 pi we revealed a suppressive role for
BMDAAMO® during L. sigmodontis infection, with an enhanced Ty2 and trend
toward greater Tyl immune response evident in their absence. The eventual
clearance of adult worms in susceptible BALB/c mice (~day 90 pi) is a result of a
mixed Tyl/Ty2 immune response, with IFNy and IL-5 working synergistically to
recruit and activate neutrophils that encapsulate and kill adult worms (Saeftel et al.,
2003). Here we highlight that an effective mixed Tyl/Ty2 immune response is
present within the pleural cavity as early as day 35 pi, but in the presence of
immunosuppressive monocytes it is not effective. I believe it would be interesting to
know about the composition of the M® compartment ~day 90 pi, when the adult
worms are normally killed, have the immunosuppressive monocytes dissipated by
this time point? A similar immune-suppressive yet host protective role of BMD
alternatively activate monocytes has been illustrated in S. mansoni infection, were
monocyte depletion resulted in a stronger T2 immune response at the cost of overall

host wellbeing (Nascimento et al., 2014, Girgis et al., 2014). This highlights the
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delicate balance which must be struck between pathogen elimination and host
protection, as such I hypothesise that the immunosuppressive phenotype assumed by
BMD AAMO®O upon infiltration into an inflammatory milieu containing IL-4 is a
mechanism to prevent the generation of an over zealous immune response which
would likely result in excessive damage to self. Here, due to the limitations of using
a depleting antibody (which can only be administered for five days prior to
appearance of neutralising antibodies) only a short window of monocyte depletion
was examined during L. sigmodontis infection of BALB/c mice, consequently
whether exacerbated pathology would ensue during prolonged monocyte depletion as
result of an enhanced Tyl/Ty2 immune response, remains unknown. Furthermore,
while we successfully demonstrated a detrimental role for BMD AAM® in killing of
L. sigmodontis worms, we were unable to correlate this effect to decreased PD-L.2

expression on the M® compartment.

Given that >98 % of the M® compartment in infected BALB/c mice is RELMa
positive from day 11 pi, and that In vitro IL-4 stimulation of inflammatory
macrophages, results in > 95% of cells expressing PD-L2 within 24 hours (Huber et
al., 2010), I assumed that BMDM® would immediately upregulate PD-L2 upon entry
into the pleural cavity of infected BALB/c mice and would therefore be PD-L2" on
day 35. The realisation that the jump in PD-L2 expression, from ~20 - ~60 % PD-
L2", does not occur until after day 35 pi despite > 80 % of MoM® and monocytes
being positive for RELMa, reveals a disconnection between the assumption of these
two markers of alternative activation. Interestingly, while induction of both RELMa
and PD-L2 is dependent on intrinsic STAT6 signalling, there is no STAT6 binding
domain upstream of PD-L2 (Loke and Allison, 2003, Huber et al., 2010). Thus, how
exactly downstream STAT6 signalling induces PD-L2 expression is unknown. In an
attempt to illustrate a specific role for PD-L2 on BMD AAM® in hyporesponsive T
cell induction at day 50 pi and given the aforementioned limitations of using the anti-
CCR2 antibody, we decided to prevent pleural monocyte infiltration prior to day 35
pi in infected BALB/c mice in the hope that this would be sufficient to prevent
further monocyte infiltration until day 50 pi. Unfortunately, this was not the case and
by day 50 pi, monocytes had infiltrated into the pleural space of some mice, causing

disappearance of the resident cells and upregulation PD-L2. However, this data
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reveals that monocyte recruitment from day 35 pi is a continual process and further
investigation is necessary to identify the immunological or worm derived factors

inducing this recruitment.

To definitively illustrate a role for PD-L2 on monocytes in the induction of a
hyporesponsive T cell phenotype within the BALB/c strain, we would need to create
mice which lack PD-L2 specifically on bone marrow derived macrophages. To do
this, we would carry out full body irradiation of CCR2”" host BALB/c mice and then
reconstitute with an 80:20 mix of CCR2”" : PD-L2”" donor bone marrow. In this way,
any cells dependent on CCR2 would be derived from the PD-L2”" fraction of bone
marrow and all other cell types would have intact PD-L2 expression. B cells and
dendritic cells are also capable of PD-L2 expression during L. sigmodontis infection
of BALB/c mice and thus the possibility that these cell types are responsible for the
induction of hyporesponsive T cells should not be over looked. Both B cell and PD-
L2 deficient mice on the BALB/c background possess heightened resistance against
L. sigmodontis, however mice deficient of PD-L2 specifically on B cells display
susceptibility equal to that of WT mice (Knipper JA, Taylor MD Unpublished data).
This data strengthens my current hypothesise that BMD AAM® are involved in

regulating the T2 immune response via PD-L.2.

Here we demonstrate that intrapleural injection of clodronate-loaded liposomes can
successfully deplete resident F4/80" M®, for at least 10 days. However, from 6 days
post-clodronate loaded liposomes administration a population of BMD monocytes
have infiltrated into the pleural space, illustrating that the compartment is being
reseeded from the bone marrow and the ultimately short-term effect of resident cell
depletion. Ten days was the longest period of resident cell depletion achieved and by
this time point (day 39 pi) a clear indication toward decreased worm Kkilling in
macrophage-depleted mice was evident. While, this decreased worm killing may be
reflective of F4/80™ resMo depletion we cannot rule out the possibility that it is the
influx of immunosuppressive PD-L2" monocytes which are preventing worm killing.
Furthermore, the number of B cells were also affected by 10 days post clodronate
administration, suggesting that M® communicate with and B cells to maintain

numbers within the pleural space, alternatively the decrease in B cells could suggest
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death via ingestion clodronate-loaded liposomes. During secondary H. polygyrus
infection macrophage and antibodies work collaboratively to trap and kill the
invading larvae (Esser-von Bieren et al., 2013). I suspect that antigen specific [gM
produced by pleural B cells, binds to Fc receptors of the expanded resident M®
population and unleashes the antibody-dependent cell-mediated cytotoxicity of

macrophages on adult worms, aiding granuloma formation and worm killing.

To further investigate the role of resident pleural macrophages in destruction of L.
sigmondontis worms and eliminate the possible immunosuppressive effects of
monocytes in this setting, a more specific method of resident cell depletion combined
with an inability to recruit monocytes would need to be employed. Simultaneously,
Rosas et al. and Okabe and Medzhitov generated mice that are deficient of the
transcription factor GATAG6 in macrophages, resulting depletion of resident
macrophages within the peritoneal cavity and pleural cavities (Rosas et al., 2014,
Okabe and Medzhitov, 2014). I believe that crossing of this Gata6-KO™* C57BL/6
mouse with CCR2”" C57BL/6 mice would generate a genetically modified model on
which C57BL/6 mice would appear susceptible to L. sigmodontis infection.
Furthermore, in order to investigate the B cell — M® interaction during L.
sigmodontis infection, detailed histology would need to be carried out on granulomas
isolated from the pleural space of infected mice. The granulomas isolated from the
pleural space of infected mice are free-floating and extremely small, making
mounting, sectioning and staining extremely difficult. I have however, developed a
protocol for the staining of these granulomas and preliminary staining, places B cells
at the interface between worm and macrophages. Future work in the lab will
investigate granuloma formation and how the structures may differ between

C57BL/6 and BALB/c mice.

In conclusion, through this Chapter we have further confirmed and advanced upon
the dynamics of the macrophage compartments observed in Chapter 2. Assessment
of RELMa expression by the macrophage compartment of naive animals revealed
that the resident M® pool of naive BALB/c mice displays a greater rate of
replenishment from the bone marrow compared to naive C57BL/6 mice. Detection of

PD-L2 expression by F4/80™ macrophages of infected BALB/c mice further
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supported the replenishment of the resident pool by BMDM® and also recapitulated
the delay in successful integration of these cells into the resident niche, as observed
through GATA6 and CD102 negativity in Chapter 2. The continual infiltration of
BMDMOO, their alternative activation and inefficient integration into the resident M®
niche results in a large percentage of PD-L2 positive macrophages within the pleural
cavity of infected BALB/c mice. Monocyte depletion experiments illustrated that
these cells are indeed suppressive to the Ty2 immune response at day 35 pi, however
the mechanism at this time point remains unknown. In contrast to the BALB/c mice,
the inability to detect PD-L2 on the F4/80™ population of infected C57BL/6 mice is
reflective of the successful integration of BMDM® into the resident niche in this
strain. Depletion of the expanded F4/80"™ resident M® population in infected
C57BL/6 mice was met with technical challenges, ultimately however the results are
supportive of an active role for F4/80"GATA6'CD102'PD-L2" M® in the killing of

L. sigmodontis worms.
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Chapter 4  The role of complement in resistance to
Litomosoides sigmodontis infection

4.1 Summary

The complement component 3 (C3) encoding gene is one of the most upregulated
genes by F4/80™ peritoneal cavity Mo in response to Brugia malayi infection of
BALB/c mice. B. malayi infection of IL-4"~ BALB/c mice demonstrated that C3
expression was IL-4 dependent. Furthermore, recent data has demonstrated that C3 is
essential in the killing of Strongylides stercoralis and H. polygyrus larvae during
primary and secondary infection, respectively. C3 deficient C57BL/6 mice were
made readily available to us and thus we investigated whether C3 may be important
in the resistant phenotype against L. sigmodontis infection. C57BL/6 mice deficient
in C3 were infected with L. sigmodontis for 28 or 35 days. There was no difference
in the clearance of L. sigmodontis worms by C3 deficient C57BL/6 mice and their
WT littermate controls at either day 28 or 35 post infection. Interestingly however
there was a significant decline in the number of F4/80" Mg accumulated within the
pleural space by day 35 post infection of resistant C57BL/6 mice. Thus we have
highlighted that worm killing in resistant C57BL/6 mice occurs independent of C3 at

the time points examined.

4.2 Introduction

The complement system consists of over 30 soluble proteins, which are produced
primarily by the liver and constitutively present in serum. The majority of the
complement system proteins are proteases, which upon activation cleave and activate
the next protein in the cascade. There are three pathways of complement activation;
classical, alternative and lectin. Classical activation occurs when C1q recognises the
Fc receptor of antibodies bound to antigen; antigen binding results in a
conformational change in antibody structure, which enables Clq recognition. Clq
undergoes autocleavage resulting in Cls release, Cls cleaves downstream of C4 and
C2 resulting in C3 convertase formation. Activation of the lectin pathway occurs
when collectins such as mannose binding lectin and ficolin recognise their bacterial
or viral substrates and the alternative pathway of complement activation is a result of

spontaneous C3 assembly. While each pathway differs in the initial steps of
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activation, all combine upon the formation C3 convertase, a proteolytic complex that
cleaves C3 into C3a and C3b. The cleavage of C3 marks the commitment of the
system to form the membrane attack complex, which integrates into pathogen

membranes and thereby causing death by lysis (Holers, 2014).

Historically, complement has been implicated in antibacterial, viral and fungal
immunity. However, recent reports have highlighted a previously unappreciated role
for complement in anthelminthic immunity. C3 is essential in M® and N® mediated
killing of Strongylides stercoralis larvae during primary infection both in vitro and in
vivo (Bonne-Annee et al., 2013). Furthermore, complement is necessary for trapping
H. polygyrus larvae during challenge infection through mediating attachment of
antibody — macrophage complexes to the larval surface (Esser-von Bieren et al.,
2013). Previous work by the Allen lab has highlighted the complement cascade as
the most differentially regulated pathway when comparing AAM®O retrieved from B.
malayi infected BALB/c mice to thioglycollate elicited M®, with C3 highly
upregulated in NeM® (Figure 4-1) (Thomas et al., 2012). Similar to L. sigmodontis
infection, BALB/c mice are more susceptible to B. malayi infection than are
C57BL/6 mice (Rajan et al., 2002), thus it is possible that C3 upregulation by F4/80™
M® is detrimental to worm killing rather than protective. However, given the recent
publications on the contribution of complement to killing of Strongylides stercoralis
and H. polygyrus larvae (Bonne-Annee et al., 2013, Esser-von Bieren et al., 2013)
and the large accumulation of M®, B cells and antigen specific IgM (Jackson-Jones
et al., 2016) within the pleural space resistant C57BL/6 mice during L. sigmodontis
infection, we hypothesised that complement may be involved in resistant phenotype
against L. sigmodontis, potentially through mediating antibody dependent effector
functions of M®. This chapter contains preliminary experiments to investigate into
the role of complement during L. sigmodontis infection. Future work in the lab may

build on this data.

Chapter 4 — The role of complement in resistance to L. sigmodontis 108



Expression level of Complement Genes
Retnla - -
Chi3l3 - - I .
C3 |
Cab A
Cfp
Fcna
Cilqa
Cb + &
Cigb -
Cilqc -
C3ar1
Cth

L
I
| ®  F4/80N M¢ from Brugia
I

1

|

1

|

I

Cbar1 | A

I

I

I

I

I

1

I

I

I

I

|

I

1

malayi infected BALB/c mice

A A F4/80M M¢ from Brugia
LA malayi infected IL-4Ro”
[aYs BALB/c mice

F4/80M M¢ isolated from
thioglycollate treated mice

Cril A A
Cd55 - 1N
Clra - |
C6 U A
Cd59a Acn
C8g .
Cls - [ A
Serping1 " A
Cd46 - u A
Cds59b - tm
He h
Cr2 \ A
Gm5077 | | Jas

I I
1e+01 1e+03 1e+05
Read Count

Figure 4-1 Differential expression of complement and coagulation
cascade genes between WT infected M® and thioglycollate elicited
Mo

WT and IL-4Ra-/- BALB/c mice were infected with B. malayi through implantation of adult worms
into the peritoneal cavity in order to generate nematode elicited M® that were isolated on day 21 pi.
Injection of thioglycollate intraperitoneally and isolation of the PEC on day 3 was utilised as a method
of generating a large number of bone marrow derived macrophages. The F4/80" M¢ population was
isolated from each of the groups and gene expression analysed via RNA sequencing.
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4.3 Results
4.3.1 The role of complement in resistance to L. sigmodontis.

In order to investigate the role that complement may play in the resistant phenotype
we decided to infect C57BL/6 mice that are deficient in complement component 3
(C3) All experimental mice were generated from heterozygote breeding pairs
enabling comparison of C3”~ mice with their WT littermates. Because C3 is central to
all three activation pathways, the complement cascade is non-functional in these
mice. At day 28-post infection no difference in recovery rate was detected between
WT and C3-/- mice (Figure 4-2 A). There was however more granulomas retrieved
from the pleural space of C3-/- at this time point (Figure 4-2B). A trend toward less
total living cells (Figure 4-2C), B cells (Figure 4-2 D), T cells (Figure 4-2E),
Eosinophils (Figure 4-2F) and M® (Figure 4-2H) was observed in the C3 deficient
mice relative to WT. No difference in the number of dendritic cells in the pleural
cavity was observed (Figure 4-2G). It is important note that having so few samples
per group at this time point (2/3mice/group) impacted upon the ability to detect
significant differences in cell numbers. By day 35 pi no differences were detected in
recovery rate (Error! Reference source not found.A), granuloma number (Error!
ference source not found.B), total cells (Figure 4-4C), B cells (Error! Reference
source not found.D), T cells (Error! Reference source not found.E), Eosinophils
(Error! Reference source not found.F) or dendritic cells (Error! Reference source
not found.G). There was however significantly fewer macrophages present in the

pleural space of C3 deficient mice at day 35 pi compared to WT.

The trend toward fewer macrophages at day 28, was a result of both decreased
F4/80" and MoM® numbers but no difference in monocytes was detected at this
time point (Figure 4-4A-C). At day 35 pi, the significant decline in macrophage
numbers observed in the C3” mice was a reflection of decreased F4/80™ M®
accumulation. Neither MoM® nor monocytes were significantly different between
C3" and WT mice at this time point (Figure 4-4D-F). At day 28 and 35 pi, the
macrophage compartment of C3”" mice was equally capable of inducing RELMa
expression upon infection as WT mice (Figure 4-5A&D). At day 28 and 35 pi there

was an increase in the percentage of GATAG6 positive M® upon infection, in both
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WT and C3”" mice, consistent with data from chapter 1 highlighting that infection
prevents an age related decline in F4/80™ population and subsequent decline in
GATAG positivity (Figure 4-5B&E). There was a trend toward a greater induction of
PD-L2 positivity of the M® compartment at day 28 pi, but no difference could be
detected at day 35 post infection (Figure 4-5C&F).
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Figure 4-2 C3 deficiency in resistant CS7BL/6 mice does not affect

worm burden at day 28 post infection

C3” mice and their WT littermate controls were infected with 30 L. sigmodontis larvae s.c. and the
pleural compartment was washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) at day 28 pi to
isolate the worms, granulomas and pleural exudate cells for analysis by multiparameter flow
cytometry. (A) Worm recovery rate, (B) Granulomas isolated from pleural space. The cellular
populations were identified using the gating strategy illustrated in Fig2-2 (C) total number of living
cells (D) B cells (E) T cells (F) Eosinophils (G) dendritic cells (H) Macrophages. Bars are
representative of Mean + SEM. Data were generated from one experiment.
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Figure 4-3 C3 deficiency results in decreased M® number but does

not affect worm burden at day 35 post infection

C3” mice and their WT littermate controls were infected with 30 L. sigmodontis larvae s.c. and the
pleural compartment was washed with 10 ml RPMI (1 % L-Glut, 1 % Pen-Strep) at day 35 pi to
isolate the worms, granulomas and pleural exudate cells for analysis by multiparameter flow
cytometry (A) Worm recovery rate, (B) Granulomas isolated from pleural space. The cellular
populations were identified using the gating strategy illustrated in Fig2-2 (C) total number of living
cells (D) B cells (E) T cells (F) Eosinophils (G) dendritic cells (H) Macrophages. Bars are
representative of Mean + SEM. * P <0.05, ** P<0.001 as determined by Student’s t test and Mann
Whitney test. Data were generated from one experiment.
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Figure 4-4 Decreased M® numbers in C3” mice at day 35 post

infection is reflective of decreased number of F4/80" resM®

C3” mice and their WT littermate controls were infected with 30 L. sigmodontis larvae s.c. The
animals were sacrificed on days 28 and 35- pi, the pleural compartment was washed with 10 ml RPMI
(1 % L-Glut, 1 % Pen-Strep) to isolate the pleural exudate cells for analysis by multiparameter flow
cytometry. The M¢ subpopulations were identified using the gating strategy illustrated in Fig2-2.
(A&D) Total number of F4/80™ (B&E) MoM® and (C&E) Monocytes at day 28 (A-C) and day 35
(D-F) post infection, respectively. Bars are representative of Mean + SEM. * P <0.05, as determined
by Student’s t test and Mann Whitney test. Data were generated from one experiment.
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Figure 4-5 Alternative activation and residency are maintained in
C3 deficient C57BL/6 mice at day 28 and 35 post infection

C3” mice and their WT littermate controls were infected with 30 L. sigmodontis larvae s.c. The
animals were sacrificed on days 28 and 35- pi, the pleural compartment was washed with 10 ml RPMI
(1 % L-Glut, 1 % Pen-Strep) to isolate the pleural exudate cells for analysis by multiparameter flow
cytometry. The M¢ population was identified using the gating strategy illustrated in Fig2-2.
Percentage of M® expressing (A&D) RELMoa (B&E) GATA6 (C&F) PD-L2 at day 28 (A-C) and 35
(D-F) pi in WT and C3” mice. Bars are representative of Mean + SEM* P <0.05, ** P<0.001 as
determined by Student’s t test and Mann Whitney test. Data were generated from one experiment.
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4.4 Discussion

Complement has been implicated in mediating binding of antibody-macrophage
complexes to larval surfaces, thereby enabling trapping and killing (Esser-von Bieren
et al., 2013, Bonne-Annee et al., 2013). The large number of macrophages, B cells
and parasite specific IgM which accumulate in the pleural space of L. sigmodontis
infected C57BL/6 mice has led us to postulate that antibody mediated attachment and
activation of macrophages is a potential mechanism of worm killing in this strain,
which may involve complement. Consequently, we decided to investigate the role of

complement in worm killing in this normally resistant strain.

No difference in worm killing was observed at either day 28 or 35 pi in C57BL/6
mice deficient in complement component C3, highlighting that at these time points
complement is not actively involved in parasite killing. At day 28 post infection,
there was a trend toward less cellular recruitment in the C3” mice, potentially
reflecting the deficit in chemotactic C3a and C5a. However, by day 35 post infection
any deficit in cellular recruitment is no longer evident. A significant decline in
F4/80" cell number by day 35 pi is suggestive of a role for complement in the
accumulation of the expanded pleural F4/80" resM® population. How precisely
complement aids the expansion of the resM® population remains unknown,
potentially through promoting in situ M® proliferation. Alternatively complement

may be involved in lifting the homeostatic controls on cell number within the cavity.

While, complement deficiency did not affect worm survival at day 28 or day 35 post
infection it is possible that complement is essential at later points of infection.
Consequently, investigation into the immune response at day 50 pi in C3” mice
would be necessary to rule-out a role for complement in the ultimate clearance of the
worm. As illustrated in Chapter 2, the expanded F4/80" population observed in the
pleural cavity of L. sigmodontis infected C57BL/6 mice is generated through
proliferation of the resident cell population, which is continually replenished from
the bone marrow. Esser-von Bieren et al. illustrated the collaboration between
alternatively activated macrophages, IgG and complement in the gut to efficiently
trap invading larvae. Macrophages in the gut are rapidly replenished from the bone

marrow, consequently, I hypothesise that these BMD AAM® would possess a
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transcriptional profile distinct from that of resident derived AAM® in the pleural
space of L. sigmodontis infected mice. Furthermore, both B. malayi infection and
studies by Bonne-Annee et al. on the destruction of S. stercoralis larvae involve
implantation of either adult worms or a cell-impermeable diffusion chamber into the
peritoneal cavity. The physical act of surgical implantation into the peritoneal cavity
would result in recruitment of BMDM®, which would subsequently assume an
alternatively activated phenotype as a result of the subsequent T2 immune response.
Thus, I hypothesise a possible reason that C3 does not appear to influence infection
outcome in the C57BL/6 mice in L. sigmodontis infection may be that C3 production
is a signature of BMD AAMO®, rather than the expanded resident F4/80™ population.
Analysis of microarray data comparing resident derived AAM® vs. AAM® derived
from the bone marrow, revealed that IL-4 induced increased C3 expression in both
BMD and resident derived M®. However, there was a greater increase in C3
production by BMD AAM® (9-fold) compared to resident derived AAM® (5-
fold)(Gundra et al., 2014). The granulomas which form around young adult worm in
the C57BL/6 strain consist largely of M® and eosinophils, whereas those which form
in the BALB/c strain around fully mature adult worms are composed of neutrophils
and M® (Attout et al., 2008). The killing of S. stercoralis larvae in the peritoneal
cavity is achieved through collaboration of M®, antibodies, neutrophils and
complement (Bonne-Annee et al., 2013). Consequently, it may be that complement is
necessary for worm killing only in collaboration with neutrophils. Thus, I
hypothesise that complement plays a role in the worm killing mechanism employed
against L. sigmodontis in infected BALB/c mice, but perhaps not, or to a lesser

degree, in the C57BL/6 mice.

In this chapter, I have presented preliminary work to highlight that complement does
not play a major role in the resistance of C57BL/6 mice against L. sigmodontis
infection. However, the complement system may promote proliferation of the F4/80™
resident macrophage population. Due to the apparent lack of impact of complement
deficiency on infected C57BL/6 mice, future work in the lab may focus more on the

role of complement in the immune response of BALB/c mice against L. sigmodontis.
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Chapter 5  Macrophage origin correlates with
distinct bactericidal functionality in vitro but not in
Vivo

5.1 Summary

Salmonella infection results in the infiltration of monocytes from the blood into the
peritoneal cavity. Monocytes mature into MoM® through sequential loss of Ly6C
expression and acquisition of MHC II expression. This infiltration and maturation of
monocytes-MoM® results in the displacement of the resM® population; this
phenomenon has been described as the macrophage disappearance reaction (MDR).
In recent years it has come to light that resM® in the peritoneal cavity are of a
distinct developmental origin to bone marrow derived monocytes and MoM®. Thus,
I am interested in whether the MDR reflects a difference in functional capability
between the two subsets, which ultimately is related to ontogeny. In order to address
this question, I generated an in vitro system to assess the interaction of MoM® and
resM® with Salmonella enterica serovar Typhimurium SL3261. I found that in vitro
MoM® are infected by and/or ingest SL.3261 to a much greater degree than resM®.
The resM® population is less efficient at both controlling the spread of and killing
intracellular SL.3261 overtime, compared to the MoM® population. /n vivo however,
there appears to be no difference in the ability of the monocyte derived MoM®
population and the prenatally seeded F4/80™ resM® to be infected by/ingest SL3261,
nor is there a difference in their bactericidal ability. Ultimately, my work illustrates
that in vitro bone marrow derived MoM® and prenatally-derived cells exhibit
distinct bactericidal functional capabilities. However, these functional differences do
not translate to the in vivo setting. This is likely due to differences in numbers

between the systems as well as local niche factors influencing macrophage function.

5.2 Introduction

Salmonella enterica serovar typhi (S. typhi) is a gram negative, facultative
intracellular bacterium that causes more than 27 million cases of typhoid fever per
annum, resulting in 217,000 deaths. Infection by S. #yphi is limited to humans and
transmission is primarily a result of contaminated water sources and a lack of

sanitation in less developed countries. Salmonella enterica subspecies enterica
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serovar Typhimurium is a non-typhoidal Salmonella serovar, S. Typhimurium from
here on, that causes acute intestinal inflammation and self-limiting diarrhoea in
humans. In mice however, S. Typhimurium results in systemic disease similar to that
seen in Typhoid patients (Broz et al., 2012). Hence, oral and intraperitoneal infection

of mice with S. Typhimurium is a widely used model to study typhoid fever.

Once ingested, the bacterium passes through the mucus layer of the intestinal lumen
and avoids antimicrobial proteins through expression of the Pho-PhoQ signal
transduction system. Subsequent access to the underlying Peyer’s patches may occur
via three routes; 1) Bacteria-mediated uptake through the injection of proteins,
encoded on the Salmonella Pathogenicity Island-1 (SPI-1), into non-phagocytic cells
of the epithelial barrier (Bueno et al., 2010). 2) Uptake and translocation through M
cells within the epithelial barrier (Vazquez-Torres and Fang, 2000). 3) Uptake by
CX3CR1-expressing DCs/Macrophages, which extend projections into the intestinal

lumen(Vazquez-Torres et al., 1999).

The immune response to S. Typhimurium is strongly pro-inflammatory,
characterized by cytokines IL-6, IL-1B, TNF-a, IFNy(de Jong et al., 2012). This
type-1 immune response is initiated by engagement of S. Typhimurium
lipopolysaccharide, peptidoglycan and flagellin with their respective TLRs (TLR-4,
TLR-2, TLR-5)(Broz et al., 2012). Accumulation of MoM® within the peritoneal
cavity in response to S. Typhimurium infection is thought to be a mechanism to

protect against potential gut leakage and resulting sepsis.

Within macrophages, S. Typhimurium expresses SPI-2 encoded genes that result in
the formation of the Salmonella containing vacuole (SCV), a replicative niche within
the macrophage. SPI-2 encoded proteins can also inhibit NADPH Oxidase formation,
enabling bacterial survival (Vazquez-Torres et al., 2000). Within the SCV,
Salmonella can replicate before exiting the cell through an ill-defined mechanism

that frequently cumulates in macrophage death.

Here, I will model infection through intraperitoneal infection with S. Typhimurium
SL3261, subsequently referred to as SL3261. SL3261 is a non-virulent strain

generated through the insertion of a tetracycline-resistance transposon into the Aro
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gene. Disruption of the Aro gene results in blockade of the aromatic biosynthetic
pathway, causing the bacterium to become auxotrophic for aromatic amino acids not

available in mammalian tissues(Hoiseth and Stocker, 1981).

Intraperitoneal infection with S. Typhimurium results in the influx MoM® and the
disappearance of the resM® population. I wanted to ask whether this dynamic could
be explained by a greater ability of the MoM® population to phagocytose and kill

intracellular S. Typhimurium.
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5.3 Results

5.3.1 MoM® preferentially take up/are infected by S.
Typhimurium compared to resM®

In order to ask if the MDR reflects a complete dysfunction of the resM® population
in response to S. Typhimurium, I generated an in vitro system in which to study the
initial interaction between M® and SL3261. The peritoneal exudate cells (PEC) were
isolated from the either naive animals or those injected with thioglycollate as a
source of resM® and MoM® respectively. Whole PEC from naive or thioglycollate
injected animals were used, I did not adherence purify. Thus from here on out, unless
otherwise stated, resM® and MoM® will be used to reflect total PEC from naive and
thioglycollate injected animals, respectively. ResM® and MoM® were co-cultured
and infected with SL3261 at a multiplicity of infection of 1 or 5 (MOI 1/5) for 1
hour; any remaining bacteria were eradicated by means of gentamicin treatment for 1
hour. The cells were then stained for flow cytometric detection of intracellular LPS.
At this time point, a greater percentage of the MoM® population were positive for
LPS when compared to resM® (Figure 5-1A). Furthermore, there were more bacteria
within an individual MoM® when compared to resM®, as evidenced by the greater
geometric mean (Figure 5-1B). In the co-culture system, MoM® and resM® are at a
1:1 ratio and this co-culturing ensures that each population receive an equal
infectious dose and stimulation. To exclude the possibility that the low level of
uptake by the resM® population was as result of competition between the
populations, this experiment was repeated with individually cultured MoM® and
resM® populations. Similar to the co-culture system, a greater percentage of MoM®
were LPS” 1-hour post infection (Figure 5-1C). However, when MoM® and resM®
were separately cultured the geometric mean of MoM® was not greater than that of

resM® (Figure 5-1D)

Additionally, there was an increased number of CFU on agar plates which had been
streaked with MoM® infected for 1 hour compared to resM® infected for the same
period of time (Figure 5-1E). The greater percentage of MoM® containing LPS"
bacteria 1-hour post infection may reflect enhanced bacterial uptake by MoM® or

preferential targeting of the MoM® population by the bacterium.
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Figure 5-1 Uptake of SL.3261 by MoM® and resM® in vitro

MoM® and resM®, were cultured ex vivo separately (A&B) or together (C-E) (4X105 cells/ 100 pl/
well). The cells were infected with S. Typhimurium SL3261 (50 pl) for 1 hour, extracellular SL3261
was thereafter removed via Gentamicin treatment (200 pg/ml, 50 pl). Bacterial uptake was determined
by measuring the percentage of the macrophage population positive for LPS after an additional hour
of incubation, via flow cytometry (A-D) or via colony counts (E). (A) Percentage of MoM® and
resM® positive for LPS when the populations are co-cultured, (B) geometric mean of co-cultured
populations. (C) Percentage of MoM® and resM® positive for LPS when the populations are
separately cultured, (D) geometric mean of the separately cultured populations. (E) Separately
infected MoM® and resM® were plated on agar plates and CFU/10,000 cells 1Hr post infection was
determined. Results are mean of 3 biological replicates and representative of 3 independent
experiments, significance was determined via 2-way ANOVA and Bonferroni’s test.
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5.3.2 Preferential uptake by MoM® does not correlate with
enhanced cell surface marker expression

We were surprised to find such a marked difference in the initial macrophage-
salmonella interaction between resM® and MoM® populations. The next logical
step was to ask if this difference was a result of differentially expressed cell surface
molecules associated with bacterial uptake. ResM® and MoM® were isolated from
the peritoneal cavity of naive and thioglycollate injected animals, respectively. The
expression of cell surface markers previously associated with bacterial uptake was
analysed via flow cytometry. Of the a-integrins analysed (CD11a, CD11b, CDl1c)
CDl11c was the only marker preferentially expressed by the MoM® population.
Additionally, there was no difference in the expression of the B-integrins, CD18 or
the TLR4 co-receptor, CD14 (Figure 5-2A). TLR4 is the Toll-Like Receptor that
binds to bacterial lipopolysaccharide. To investigate the role of TLR4 in bacterial
uptake, resM® and MoM® were isolated from the peritoneal cavity of TLR4 KO
animals and the uptake of the bacterium by the macrophage populations was
compared to WT. TLR4 deficiency did not alter bacterial uptake, as measured by the
percentage of LPS" M®, by either MoM® or resM® populations (Figure 5-2B).
Hence, the enhanced bacterial uptake by the MoM® population cannot be attributed

to a greater level of expression of the cell surface markers examined here.

Pre-treatment of the MoM® population with cytochalasin D, 1 hour prior to infection
with SL3261 resulted in a significant reduction of bacterial uptake by this population
(Figure 5-2C). Thus, the uptake/infection of the macrophages is partially dependent

on rearrangement of the actin cytoskeleton.
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Figure 5-2 Expression of Cell surface markers related to bacterial
uptake by MoM® and resM®

Peritoneal exudate cells from were isolated from naive (resM®) or thioglycollate (MoM®) injected
WT C57BL/6 females. (A) The expression of cells surface markers previously associated with
Salmonella uptake by WT MoM® ( ® ) and resM® ( * ) populations within the PLEC. (B) Total PLEC
from naive and thioglycollate injected WT and TLR4 KO animals were cultured in vitro for 3 hours
prior to infection with S. Typhimurium GFP for 1 hour. Bacterial uptake was measured via the
percentage of the M® subpopulation staining positive for GFP.(C) Total PLEC from naive and
thioglycollate injected WT C57BL/6 females were separately cultured and pre-treated with either
media or cytochalasin D for 1 hour prior to bacterial infection. Bacterial uptake was measured via the
percentage cells staining positive for GFP. Data are representative of 3 independent experiments,
significance was determined via 2-way ANOVA and Bonferroni’s test, error bars are mean = SEM of
3 biological replicates. ** P<(.01, **** P<0.0001.
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5.3.3 MoM® display enhanced bactericidal capabilities
compared to resM®

The initial in vitro data led to two hypotheses; 1) the MoM® population possess
heightened Salmonella phagocytizing abilities, which may reflect enhanced
bactericidal capabilities over resM®. 2) The bacterium preferentially targets the
MoM® population to access a MoM®-specific intracellular replicative niche. In
order to ascertain whether S. Typhimurium is killed more rapidly or survives better
within MoM® compared to resM®, the cells were infected in vitro for 1, 24 and 48

hours, before being streaked on agar plates and the resultant CFU counted.

Reinforcing the initial uptake/infection data, a greater number of CFU were detected
on agar plates streaked with MoM® 1-hour post infection, compared to those
streaked with resM® 1-hour post infection. This was significant at an MOI 1 and
MOI 5 (Figure 5-3A). However, the reverse was found when comparing the number
of CFU on agar plates streaked with MoM®/ResM® 24 hours post infection. At 24
hours there was a trend toward more CFU on plates streaked with resM® compared
to MoM® at an MOI 1 and this reached significance at an MOI 5 (Figure 5-3B).
Furthermore, there were no CFU detectable on plates that received MoM® infected
for 48 hours, and while there was CFU on plates that received resM® infected for 48
hours, this did not reach statistical significance (Figure 5-3C). This data would
support hypothesis 1, in that the MoM® population take-up more of the bacterium
and kill it more rapidly than do the resM® population over time. In these
experiments whole PEC from thioglycollate treated or naive mice, rather than
adherence purified MoM® and resM®, were plated. Thus, it is possible that
additional immune cell populations, such as neutrophils, are contributing to the
enhanced uptake and killing carried out by the thioglycollate elicited PEC. In order
to demonstrate a specific role for M® in the uptake and killing of S. Typhimurium

this experiment was repeated using flow cytometry.
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Figure 5-3 Dynamics of Salmonella growth and control from colony

forming units

Peritoneal exudate cells isolated from naive (resM®) or thioglycollate (MoM®) injected WT
C57BL/6 females were cultured ex vivo separately (4X10° cells/ 100 ul/ well). The cells were infected
with S. Typhimurium SL3261 (50 pl) for 1 hour; extracellular SL3261 was thereafter removed via
gentamicin treatment (200 pg/ml, 50 pl). 1, 24 and 48 hours post stimulation the cells were plated on
agar plates and CFU/10,000 cells was determined. Results are mean of 3 biological replicates and
representative of 2 independent experiments. Significance was determined via 2-way ANOVA and
Bonferroni’s test. ** P<(.01. Bars are representative of the mean + SEM
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5.3.4 ResM® act as vehicle for dissemination

The CFU data was highly suggestive of a difference in the killing of SL3261 by
MoM® and resM® over time. However, when plating MoM® and resM® whole
PEC from thioglycollate/naive mice was plated. In order to definitively pinpoint
MoM® as being responsible for the enhanced bacterial killing, resM® and MoM®
were analysed via flow cytometry for the detection of intracellular LPS 1, 24 and 48

hours post gentamicin treatment.

The initial spread of the bacterium through the macrophage population can be
determined by looking at the fold change in the percentage of the population that is
LPS" from 1 hour to 24 hours. Additionally, the fold change between 24 and 48

hours reflects spread of the bacterium over time.

At 24 hours post gentamicin treatment the fold change of the resM® population was
significantly greater than that of the MoM® population (Figure 5-4A). This was true
at an MOI 1 and MOI 5 (Figure 5-4A&C). At 48 hours post gentamicin treatment
there was no difference in the fold change of the two populations positive for LPS
relative to that at 24 hours (Figure 5-4A&C). This data suggests that once ingested
Salmonella can rapidly spread through the resM® population. In contrast, there was
little spread of the bacterium through the MoM® population after initial uptake,
suggesting better containment of Salmonella by MoM®. The inability to detect
differences in the fold change between MoM® and resM® populations at 48 hours
suggested that resM® begins to control the bacterium by this time point, alternatively
it is indicative of the bacterium having reached a threshold number within the

population.

The fold change in the geometric mean of the MoM® and resM® populations is a
representation of the change in the number of intracellular LPS per individual cell.
The antibody against LPS does not discriminate between live and dead bacteria;
therefore the geometric mean is reflective of the number of bacteria per individual

cell, independent of live/dead status.

At a MOI 1 the MoM® exhibited a greater fold change in geometric mean between

1-24 hours post stimulation (Figure 5-4B). This data can be interpreted in two ways
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1) that while MoM® can contain the bacterium, it does replicate within the cell or 2)
the MoM® population contain more dead Salmonella at 24 hours either through
direct killing of S. Typhimurium or ingestion of S. Typhimurium-containing
apoptotic cells. However, by there was no difference in the geometric mean of the
MoM® and resM® populations at an MOI 1 between 48 and 24 hours post infection
(Figure 5-4B). Furthermore, at an MOI 5 no difference was detected in the geometric
mean of MoM® when compared to resM® at either 24 or 48 hours post infection

(Figure 5-4D).

Similar results were obtained when MoM® and resM® were cultured and infected
separately prior to flow cytometric analysis. A greater fold change in the percentage
of LPS" positive M® was seen in the resM® population compared to the MoM®
population at 24 hours post infection at an MOI 1 and MOI 5 (Figure 5-5A&C).
However, no difference in the geometric mean was observed between separately
infected MoM® / resM® at either 24/48 hours post infection at either an MOI 1 or
MOIS5 (Figure 5-5B&D).
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Figure 5-4 Dynamics of Salmonella growth and control within co-
cultured MoM® and resM®

Peritoneal exudate cells were isolated from naive (resM®) or thioglycollate (MoM®) injected WT
C57BL/6 females and co-cultured in vitro (4X10°cells/well) for 2 hours prior to infecting with S.
Typhimurium (SL3261) for 1 hour. Extracellular SL3261 was removed via gentamicin treatment. The
cells were incubated for a further 1, 24, or 48 hours and subsequently stained for flow cytometric
analysis. (A&C) Representative plots showing the fold change in the percentage of the MoM® and
resM® populations positive for LPS between 1-24 hours post infection and 24-48 hours post infection
at an MOI 1 (A) and MOI 5 (C). (B) Representative plots showing the fold change in the geometric
mean of the MoM® and resM® populations between 1-24 hours post infection and 24-48 hours post
infection. Results are mean of 3 biological replicates + SEM and representative of 3 independent
experiments, significance was determined via a 2-way ANOVA and Bonferroni’s test.
*¥**P<0.0001,**** P<0.00001.
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Figure 5-5 Dynamics of Salmonella growth and control within
separately cultured MoM® and resM®

Peritoneal exudate cells were isolated from naive (resM®) or thioglycollate (MoM®) injected WT
C57BL/6 females and separately cultured in vitro (4X10°cells/well) for 2 hours prior to infecting with
S. Typhimurium (SL3261) for 1 hour. Extracellular SL.3261 was removed via gentamicin treatment.
The cells were incubated for a further 1, 24, or 48 hours and subsequently stained for flow cytometric
analysis. (A&C) Representative plots showing the fold change in the percentage of the MoM® and
resM® populations positive for LPS between 1-24 hours post infection and 24-48 hours post infection
at an (A) MOI 1 and (C) MOI 5. (B&D) Representative plots showing the fold change in the
geometric mean of the MoM® and resM® populations between 1-24 hours post infection and 24-48
hours post infection at an (C) MOI 1 and (D) MOI 5. Results are representative of 2 independent
experiments, significance was determined via 2-way ANOVA and Bonferroni’s test. * P<0.05,
***¥P<(.0001. Bars are representative of the mean £ SEM.
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5.3.5 In vitro, Salmonella-macrophage dynamics do not
translate to the in vivo setting.

In the steady state the ratio of F4/80" resM® to MHC™F4/80" MoM® within the
peritoneal cavity of 8-week-old C57BL/6 mice is approximately 9:1. In order to
investigate if the 10 % of MHC"F4/80"° MoM® within the peritoneal cavity display
bactericidal capabilities similar to their in vitro counterparts, WT C57BL/6 female
mice were infected ip. with 10° S. Typhimurium SL3261 which constitutively
expresses GFP. The PEC was isolated 1, 3, 6 and 24 hours post infection for flow
cytometric analysis. The advantage of the GFP S. Typhimurium SL3261,
subsequently referred to as SL.3261 GFP, is that when alive the bacterium will stain
GFP'LPS" and upon death the bacterium will loose GFP and thus stain GFP'LPS".
Unfortunately, due to technical issues I was never able to get this co-staining to work
in vitro and therefore could not definitively comment on the killing ability of either

cell type. In vivo however, the staining works well.

At 1-hour post infection, macrophages are the cell type within the peritoneal cavity
containing the most Salmonella (Figure 5-6A). Additionally, at this time point a
greater percentage of macrophages are GFP" compared any other population,
although the percentage of dendritic cells (DCs) GFP" is also relatively high (Figure
5-6B). Through looking at the percentage of a population GFP" you can infer the
efficiency with which this population takes up the bacterium or is infected by the

bacterium.

In order to account for influxing monocytes, I divided the macrophage compartment
into three subsets MHCF480" cells, which are likely monocytes, MHC"F4/80"
MoM® and F4/80™ resM®. The MHCF480" cells represent bone marrow derived
monocytes which influx into the cavity at approx. 3 hours post insult. At 1-hour post
infection there is a decrease in the number of F4/80™ resM®, however these cells still
vastly outnumber the MHC"F4/80" MoM® (Figure 5-6C). In contrast to my in vitro
data, a greater number of F4/80" resM® are GFP" 1 hour post infection (Figure
5-6D). There is, however, no difference in the percentage of MHC"F4/80" MoM®
and F4/80™ resM® GFP" (Figure 5-6E) at this time point.
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By 3 hours post infection there is an influx of MHCF4/80" cells in both naive PBS
injected controls and infected mice (Figure 5-7A&B). In the infected animals the
number and percentage of MHC F4/80" M® increases steadily and this correlates
with the disappearance of the resM® population (Figure 5-7B&D). In contrast, 24
hours post PBS injection the composition of the macrophage compartment has nearly
returned to homeostasis (Figure 5-7C), although the number of F4/80™ resM® is still
lower than the initial numbers a 1 hour (Figure 5-7A). These graphs quite nicely

illustrate that the MDR begins as rapidly as 1-hour post infection.

Through examining the fold change in the percentage of each M® subpopulation
positive for both GFP and LPS vs. LPS alone, I was able to compare the bacterial
growth and killing within each population. There was negligible detection of live
GFP'LPS" bacteria in any of the M® subpopulation at 1 hour post infection,
subsequently the fold change in macrophages containing GFP'LPS" bacteria at 3, 6
and 24 hours post infection was less than 1 % (Figure 5-8A). However, by 3 hours
post infection there was a 2-fold increase in the percentage of cells containing dead
bacteria (GFP'LPS") and this was equal across all M® subpopulations. The peak in
macrophages containing dead bacteria was reached at 6 hours post infection after

which the detection declined, indicative of LPS degradation (Figure 5-8B).
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Figure 5-6 In vivo uptake of GFP S. Typhimurium (SL3261)

C57BL/6 female mice, aged 6-8 weeks, received SL3261 GFP (1X10° CFU/200ul) or PBS
intraperitoneally for 1 hour, after which they were culled via CO, and the peritoneal exudate cells
(PEC) isolated for flow cytometric analysis. (A) The number of GFP" cells within the peritoneal
cavity. (B) The percentage of each cellular population which contains GFP Salmonella. (C) The
number of MHCF4/80" vs. F4/80" vs. F4/80" M® within the cavity. (D) Number of GFP" MHC
F4/80" vs. GFP" F4/80" (MoM®) vs. F4/80" (resM®). (E) % of GFP* MHCF4/80" vs.GFP" F4/80"
(MoM®) vs. GFP'F4/80" (resM®). Data are representative of two independent experiments with 6
mice/group, significance was determined via 2-way ANOVA and Bonferroni’s test. *
P<0.05,***P<0.0001 Bars are representative of the mean + SEM
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Figure 5-7 Dynamics of the peritoneal macrophage population upon

SL.3261 GFP infection in vivo

C57BL/6 female mice, aged 6-8 weeks, received SL3261 GFP (1X10° CFU/200ul) or PBS i.p. for I,
3, 6 or 24 hours, after which they were culled via CO, and the peritoneal exudate cells (PEC) isolated
for flow cytometric analysis. (A & B) Changes in number of MHC F4/80"°, MHC"F4/80° and F4/80"
cells within the peritoneal cavity upon PBS injection (A) or SL3261 GFP infection (B). (C & D) % of
the macrophage population composed of MHC F4/80"°, MHC"F4/80" and F4/80™ macrophages upon
PBS injection (C) or SL3261 GFP infection (D). Data are representative of two independent
experiments with 6 mice/group.
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Figure 5-8 In vivo killing of S. Typhimurium (SL3261)

C57BL/6 female mice, aged 6-8 weeks received SL3261 GFP (1X10° CFU/200ul) or PBS i.p. for 1, 3,
6, or 24 hours, after which they were culled via CO, and the peritoneal exudate cells (PEC) isolated
for flow cytometric analysis. (A) Fold change in the percentage of each M® subpopulation containing
live (GFP'LPS") bacterial relative to the percentage positive at 1hr post infection. (B) Fold change in
the percentage of each M® subpopulation containing dead (GFP'LPS") bacterial relative to the
percentage positive at 1hr post infection. Data are representative of two independent experiments with
6 mice/group.
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5.4 Discussion

We have characterised the functional differences between MoM® and resM® in
response to S. Typhimurium both in vitro and in vivo. Our findings strongly support
the emerging literature on macrophage function being the outcome of a complex

local tissue environment.

Infection of co-cultured MoM® and resM® for 1 hour revealed a greater number of
bacteria was contained within the MoM® population in comparison to the resM®.
This was a somewhat surprising result, given that resM® are highly adapted to
preferentially phagocytose apoptotic bodies over MoM® and the current literature
primarily describes bacterial uptake by macrophages to be phagocytosis dependent
(Uderhardt et al., 2012, Broz et al., 2012, de Jong et al., 2012). However, this
increased bacterial uptake up/targeting of MoM® supports the overall hypothesis that
this population arose (independently of tissue resident macrophages) to function

against intracellular pathogens in a type 1 immune setting.

I next sought to investigate if the observed difference in bacterial uptake/infection of
MoM® was a result of differentially expressed cell surface receptors involved in
Salmonella internalisation between the MoM® and resM® populations. Vazquez-
Torres et al showed that Salmonella that are SPI-1 deficient, and hence unable to
invade epithelia cells, could still cross the intestinal barrier. This was attributed to
CD18" phagocytes at the intestinal epithelial barrier (Vazquez-Torres et al., 1999).
CD18 is a B integrin, which possesses a binding site for LPS and forms heterodimers
with the o-integrins CD11a, CD11b and CDllc, to form lymphocyte function-
associated antigen 1 (LFA-1), complement receptor 3 (CR3) and CR4
respectively(Samuel D.Wright, 1989, Solovjov et al., 2005). Furthermore, CR3 has
been shown to be essential for the uptake of unopsonized Sal/monella by neutrophils
(van Bruggen et al., 2007). Other receptors which we hypothesized might be
involved in this differential uptake were TLR4 which recognises bacterial LPS and
its co-receptor CD14(Wright et al., 1990). However, analysis of CD18, CDlla,
CD11b and CD14 via flow cytometry revealed that the expression of these markers is
not significantly different between MoM® and resM®. The expression of CDI1c
was significantly greater on the MoM® population. CR4 (CD11¢:CD18) was the first

Chapter 5 — M® function in response to Sa/monella Typhimurium 137



of the af} integrins shown to induce intracellular signalling in response to LPS. This
was independent of serum proteins and cumulated in NF«kf} activation (Ingalls and
Golenbock, 1995). LFA-1 and CR3 were also shown to induce similar signalling.
However, TLR4, CD14 and LPS binding protein are now known to form the main
protein complex responsible for LPS binding (Flaherty et al., 1997, Lien et al., 2000).
Thus the recognition of LPS by CR4 may be of a much lower affinity than that of the
LPS binding complex. Furthermore, given that bacterial uptake by TLR4 KO
MoM®/resM® is unchanged when compared to WT, it is unlikely that LPS binding
by CR4 explains the enhanced bacterial uptake by the MoM® population. As with all
the integrins, CR4 is involved in cellular migration. Therefore, the heightened
CDll1c expression may simply reflect the fact that these thioglycollate elicited
MoM® have recently arrived from the bone marrow. In support of this monocyte
recruitment in atherosclerotic lesions is reduced in mice lacking CD11c¢ (aX apoE™

vs apoE™")(Wu et al., 2009).

Active invasion of macrophages by Salmonella in a SPI-1 dependent manner has also
been described (Drecktrah et al., 2006, Bueno et al., 2010). Thus, SPI-1 proteins
specifically targeting receptors, which are expressed to a higher degree on MoM®,
could explain the heightened bacterial numbers within the MoM® population.
Cholesterol has previously been shown to be important in the uptake of Salmonella
by its target cell and recent work has shown this binding to be dependent of the
effector protein sipB (Santos et al., 2013, Garner et al., 2002). Additionally, the
amount of cell surface cholesterol was shown to increase throughout the cell cycle,
with the concentration at mitosis twice that at G1(Santos et al., 2013). This finding
has led me to hypothesis that the difference in bacterial numbers within the MoM®
and resM® could be a result of different cell surface cholesterol levels. Perhaps
MoM®, which are derived from the bone marrow, and thus have divided more

recently than resM®, have more cell surface cholesterol.

The MoM® population also killed intracellular SL3261 at a faster rate did the resM®
population over time. The CFU data clearly illustrates a more rapid decline in
intracellular bacterial numbers within the MoM® population. While the antibody

against LPS binds both live and dead bacteria, making a conclusion regarding
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bacterial killing difficult, what is clear is that SL3261 more rapidly spreads
throughout the resM® population, whereas MoM® appear more capable of
controlling the cell-cell spread of the bacterium. The greater geometric mean of the
MoM® population at 24 hours when the populations are co-cultured suggested that
the MoM® are potentially re-infected by bacteria, which have moved through the
more permissive resM® population. While I was carrying out these experiments,
Burton et al. nicely illustrated that in the spleen inflammatory macrophages are more
efficient at killing Salmonella than are resident red pulp macrophages, in which the
majority of the salmonella resided. The bactericidal ability of the inflammatory
monocytes was shown to be the result of a lethal oxidative burst induced by NADPH
oxidase and myeloperoxidase activation (Burton et al., 2014). In contrast the resident
macrophage population do not possess myeloperoxidase and kill the bacterium to a
lesser degree in a NADPH oxidase independent manner (Burton et al., 2014). The
inflammatory macrophages observed here, at day 4 post Salmonella infection, would
be akin to the thioglycollate elicited MoM® used in my experiments. Additionally,
like the resM® in the peritoneal cavity, the resident red pulp macrophage of the
spleen are prenatally-derived (Yona et al., 2013, Schulz et al., 2012).

In vivo, macrophages are the cell population, which take up the most Salmonella
within 1 hour of infection. However, in comparison to the in vitro data, in vivo the
F4/80™ population contain significantly more GFP SL3261 than the F4/80"
population, although this was not surprising given the vast imbalance in F4/80 to
F4/80" numbers in the peritoneal cavity. There was however, no difference in the
ability of the MoM® and resM® populations to ingest Salmonella, as determined by
the percentage of each population positive for GFP. Thus I would like to hypothesis
that the MoM® population are better at Salmonella uptake in vivo, however their low
numbers severely reduces their likelihood of interacting with the bacterium. Another
possibility is that local tissue factors such as retinoic acid and CSF-1 have
conditioned the F4/80" monocyte-derived population within the cavity, such that
their initial bactericidal ability has been dampened. An emerging concept in the field
is that tissue specific factors imprint distinct transcriptional profiles upon local
macrophage populations, thus altering tissue specific function (Gautier et al., 2012,

Hashimoto et al., 2011). In alignment with this hypothesis it is not that surprising that
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there was no difference observed in the killing ability of the F4/80" and F4/80™ cells

in vivo.

During both Salmonella infection and sterile inflammation the MDR begins within 1
hour of insult. Between 3-6 hours there is an initial influx of monocytes into the
cavity in both PBS injected controls and infected animals. By the time these cells
have arrived there is little extracellular bacteria remaining (data not shown).
Consequently, if these cells possess heightened bacterial uptake and killing
capabilities, similar to that observed for thioglycollate elicited MoM® in vitro, we
were not able to detect it here. By 24 hours, the monocyte population have
disappeared in the control animals but increase to represent 50 % of the population in
the Salmonella infected animals. Work by Dr. Dominik Riickler in our lab has
illustrated that by 5 days post Salmonella infection, the F4/80" resM® has been
entirely replaced by F4/80" monocyte-derived macrophages. Interestingly, the
existing MHC"F4/80" MoM® within in the cavity do not vary over the time course
suggesting that they are not sensitive to the same migratory factors as the F4/80"™

population.

In this chapter, we investigated the functional difference between bone-marrow
derived macrophages (MoM®) and tissue macrophages (resM®) which are initially
derived prenatally, in the context of S. Typhimurium infection. Our results show that
in vitro MoM® are functionally more capable of ingesting, containing and killing
SL3261 than are resM®. However, these in vitro functional differences did not
translate to the in vivo setting. I hypothesise that this is a consequence of the low
F4/80"° MoM® numbers within the peritoneal cavity as well as the conditioning of
this population by tissue specific niche factors. Finally, the MDR reaction is a rapid
response to injury, initiated within 1 hour of infection, which appears to only drive

the disappearance of the F4/80" population.
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Chapter 6  General Discussion

The realisation that many tissue resident macrophage populations are established
prenatally revolutionized the field of M® biology (Ginhoux et al., 2010, Schulz et
al., 2012, Yona et al., 2013). Prenatally-derived M® were illustrated to be long-lived
and capable of in situ self-renewal (Hashimoto et al., 2013), suggestive of stem cell-
like properties. Furthermore, during helminth infection tissue resident M® proliferate
to generate an expanded resM® population, which is independent of bone marrow
derived M® recruitment (Jenkins et al., 2011). In contrast, an inflammatory insult
results in the disappearance of these cells and infiltration of BMDM®, yet during the
resolution of the inflammatory response resM® proliferate to re-seed the tissue niche
(Davies et al., 2013). All of the above data was highly suggestive of prenatally
derived resM® and BMDM® possessing distinct developmental origins and as a

result specific functional capabilities with regard to Type 2 and Type 1 immunity.

This thesis has investigated the functional relevance of M® origin in relation to
resistance and susceptibility to a filarial nematode and also the bactericidal
capabilities of these populations in response to Salmonella Typhimurium infection.
Whilst the overarching focus has been on M® function during infection, analysis of
the M® compartment of naive partial bone marrow chimeric mice has provided some
key additional insights that have enabled alignment of this data with the currently
evolving field. As such it has become increasingly clear, that while many of these
resM® populations are initially derived from embryonic sources, they can by
replaced/replenished by bone marrow derived macrophages, which are capable of
successfully recapitulating the functional capabilities of their prenatally-derived
founders (Bain et al., 2014, Molawi et al., 2014, Sheng et al., 2015, Bain et al.,
2016). Consequently, a great research effort is currently on going to understand the
local tissue specific signals which condition infiltrating M® (either during

development or later in life) toward a highly specialised resM® phenotype.

Chapter 2 began by examining the accumulation of immune cells within the pleural
cavity of resistant and susceptible mice during infection with the filarial nematode L.
sigmodontis. The results demonstrated that resistance was associated with a greater

degree of pleural cell accumulation, which reflected greater B cell and M® cell
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numbers. Interestingly both AAM® and B cells have been attributed with pro- and
anti-worm killing functions (Taylor et al., 2006, Anthony et al., 2006, Zhao et al.,
2008, Al-Qaoud et al., 1998, Martin et al., 2001), highlighted that cellular function is
extremely complex. The specific role of a cellular population also is also likely
infection-stage specific. Further analysis of the M® compartment revealed that an
expanded F4/80" resM® population in resistant C57BL/6 mice accounted for the
difference in total M® number between the strains. Previous data in the lab has
shown that a peak in M® proliferation occurs at day 11-post infection, followed by a
proliferative crash, in which proliferation is below homeostatic levels until day 28
post infection. Indeed, of the time points examined (Day 11, 28, 35 and 50 pi)
proliferation above homeostatic levels was only detected at day 11. Consequently,
we questioned whether the continual increase in M® number observed from day 11-
50 post infection was a result of BMDM® recruitment and integration into the
resM® niche or proliferation between the examined time points. Experiments in
CCR2 deficient animals, in which BMDM® recruitment cannot occur, suggested that
the expanded F4/80™ resM® population was independent of BMDM® recruitment
until day 28 pi. Subsequent studies in partial bone marrow chimeric animals,
illustrated that the expanded F4/80™ population in the pleural space of resistant
C57BL/6 mice must indeed be generated through local proliferation of the resM®
population in-between the examined time points. However, the data also confirms
recent work by Bain et al., regarding the longevity of the resM® population within
the pleural space, highlighting that the population is replenished from the bone
marrow with age (Bain et al., 2016). Moreover, the data leads to a fascinating
insight: that the proliferative program induced by IL-4 enables the exponential
expansion of the resM® population while maintaining the rate of homeostatic

integration of BMDMO® into the resident niche.

Within the peritoneal and pleural cavities retinoic acid has been identified as a key
modulator of the resident macrophage phenotype, through inducing a transcriptional
program controlled by the transcription factor GATA6 (Okabe and Medzhitov, 2014,
Rosas et al., 2014). Furthermore, the cell surface marker CD102 has been identified
as a peritoneal/pleural M® specific marker which is controlled by a yet-to-be-

identified tissue factor (Okabe and Medzhitov, 2014). Chapter 2 highlighted that
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there is a 27-fold increase in F4/80™ M® cell number by day 30 pi in the resistant
C57BL/6 strain, half of this increase is a result of BMDM® integration into the
resM® niche. The ability of these BMDM® to successfully integrate into the local
niche suggests both an abundance of local niche factors, such as retinoic acid and
illustrates the responsiveness of incoming cells toward conditioning factors. The
latter statement stems from data presented by Okabe and Medzhitov in which
overnight culturing of BMDM® with a retinoic acid derivative did not induce
GATAG6 or CD102 expression, and this was a result of transcriptional silencing at the
GATAG locus (Okabe and Medzhitov, 2014). Thus, I hypothesise that additional
tissue specific signals present in vivo ‘prime’ infiltrating BMDM® such that they are

open to conditioning by factors such as retinoic acid.

One of the core findings in Chapter 2 was that resistance was strongly associated
with an expanded F4/80™ M® population generated through in situ proliferation.
This led me to my hypothesis that the expanded resM® population is actively
involved in the killing of L. sigmodontis worms within the pleural cavity. This
hypothesis is well founded given that immunity against secondary H. polygyrus
infection is mediated by an expanded population of alternatively activated resM®,
generated by Ty2 derived IL-4 (Anthony et al., 2006). This M® mediated protection
during secondary H. polygyrus infection is through larval trapping in collaboration
with antibodies and complement (Esser-von Bieren et al., 2013). Furthermore, IL-4c
results in expansion of resident peritoneal cavity M®, which are positive for RELMa
and dependent upon fatty acid oxidation (Huang et al., 2014). This IL-4c expanded
peritoneal M® population are protective during primary H. polygyrus infection,
resulting in reduced, although not significantly so, worm recovery and egg out-put by
day 14 pi (Huang et al., 2014). Similarly, IL-4 induced AAM® during primary
infection with N. brasiliensis mediate smooth muscle hypercontractility essential for
worm expulsion (Zhao et al., 2008). The expanded resM® population within the gut
of H. polygyrus and N. brasiliensis infected animals are likely generated through
proliferation of recently recruited BMDM®. Indeed Anthony et al., described the
expanded AAM® population as CD206 positive, a marker now know to be specific
to BMD AAM® (Gundra et al., 2014). AAM® within the gastrointestinal tract are
BMD and would possess an M(IL-4) activation phenotype distinct to that of AAM®
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generated through local proliferation of ResM®, as seen in L. sigmodontis infection
(Gundra et al., 2014). Thus it is possible that the killing mechanisms orchestrated by
these BMD AAM® in the gut are completely distinct from those mediated by
AAresM® in the pleural space.

However in addition to M®, there were vastly more B cells within the pleural space
of resistant C57BL/6 compared to BALB/c mice, suggesting that a M®-antibody
collaboration may be involved in worm killing within this strain. Data from an
additional project in the lab, carried out by Dr. Lucy Jackson-Jones, further supports
this hypothesis. Resident pleural cavity B cells, that reside in the fat associated
lymphoid follicles (FALCs) of the pericardium and mediastinum, proliferate in situ
during L. sigmodontis infection and secreted large amounts of antigen specific IgM
locally (Jackson-Jones et al., 2016- Nature Communications-in press). The
production of antigen specific IgM by pleural cavity B cells was observed in both
strains, however to a significantly greater degree in the resistant C57BL/6 strain
(Jackson-Jones et al., 2016- Nature Communications-in press). Thus, I hypothesise
that expanded resM® and IgM function in trapping and killing adult worms in the
C57BL/6 strain. In Chapter 3, in an attempt to illustrate a protective role of F4/80™
resM® in worm killing, I depleted the population through administration of
clodronate containing liposomes directly into the pleural cavity. The longest period
of M® depletion achieved was 12 days, from day 27-39 pi, given the protracted
affair that is worm Kkilling this was a relatively short time frame. Nonetheless, we
achieved promising results with a trend toward greater worm recovery in the absence
of resident F4/80" population. Additional experiments examined the pleural cavity at
4 and 6 days post clodronate-liposome administration. At these time points (day 33
and day 35 pi) the F4/80™ population was successfully depleted, with no affect upon
other pleural cell populations or difference in worm recovery evident. In contrast,
following 14 days of F4/80™ M® depletion, a significant decrease the number of B
cells and eosinophils was observed within the pleural cavity. Consequently, this data
is suggestive of eosinophils, B cells and M® working collaboratively to kill the
worm in the resistant strain. Indeed eosinophils have previously been identified as a
major component the granulomas which form around young adult worms in the

C57BL/6 strain (Attout et al., 2008).
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Macrophage-mediated killing of H. polygyrus and Strongyloides stercoralis larvae
occur in collaboration with antibodies and also complement proteins (Esser-von
Bieren et al., 2013, Bonne-Annee et al., 2013). Given the dominance of M® and B
cells within the pleural space of C57BL/6 mice and the realisation that B cells are
producing antigen specific IgM, we decided to investigate if complement was
involved in the resistance phenotype. We infected mice deficient in C3, the central
component of all three pathways of complement activation, to determine if this
cascade is also involved in the coordination of the immune-mediated killing of adult
worms in the resistant C57BL/6 strain. While complement deficiency did not
influence worm killing observed at either day 28 or 35 post infection a significant
decrease in F4/80™ resM® was observed, suggestive of a supportive role for

complement in M® proliferation.

Chapter 2 illustrated that the F4/80™ population consistently represented ~90 % of
the total M® compartment in the C57BL/6 strain, with the remaining 10 %
consisting of CSF1"F4/80°MHC™ cells, referred to as MoM® in this thesis. This
MoM® population is akin to the previously described small peritoneal macrophage
population within the peritoneal cavity that are recently recruited from the BM
(Ghosn et al., 2010). Furthermore, recent work by Bain et al has illustrated that
RELMa expressing cells within this MoM® population represent monocyte-derived
precursors to the F4/80" resM® population under homeostatic conditions (Bain et
al., 2016). Chapter 2 demonstrated that susceptibility within the BALB/c strain was
marked with significantly less F4/80™ M® proliferation at day 11 pi and an influx of
BMD Ly6C" monocytes at day 35-50 post infection. In both naive and infected
BALB/c mice the percentage of F4/80™ resM® declined with age and the proportion
of MoM® and monocytes increased. As such by day 50 pi, the pleural MO
compartment of susceptible BALB/c mice was composed of 50 % BMDM® and 50
% resM®. This data is indicative of an inability of infiltrating BMDM® to integrate
into the local pleural cavity niche within the susceptible BALB/c strain, either due to
a deficiency in retinoic acid or another niche factor responsible for priming the cells.
Okabe et al., placed C57BL/6 mice on a Vitamin A deficient diet, thereby reducing
retinoic acid, and observed a continual decline in the percentage of F4/80™ resM®

and an increase in BMD MoM® and monocytes within the peritoneal space by 12
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weeks of age. The representative flow cytometric plots from this paper (Okabe and
Medzhitov, 2014) are strikingly similar to the ‘monocyte waterfall’ that I have
observed in infected BALB/c mice. Consequently, I hypothesize that a relative lack
of retinoic acid in the BALB/c strain contributes to susceptibility through a failure to
maintain the resM® population, which in the context of a Ty2 immune response is

critical in worm killing.

A strong Ty2 immune response and generation of M(IL-4) is a hallmark of L
.sigmodontis infection in both resistant and susceptible strains (Babayan et al., 2003).
However, in the susceptible strain as infection progresses immunosuppression
dominates permitting microfilaria production and preventing worm clearance until

~day 90 pi (Taylor et al., 2007).

In addition to immunosuppression, previously active antigen-specific T2 cells lose
their ability to secrete cytokines IL-4, IL-5 and IL-2 between day 20 and day 60-post
infection. This is referred to as a hyporesponsive T cell phenotype akin to anergic or
exhausted T cells (van der Werf et al., 2013). The induction of this hyporesponsive T
cell phenotype is associated with PD-L2 induced PD-1 expression on Ty2 cells (van
der Werf et al., 2013). PD-L2 expression has long been associated with alternative
activation and its expression has contributed considerably to the reputation of
AAM® or AADCs as immune suppressors rather than effectors during the type 2
immune response (Loke and Allison, 2003, Huber et al., 2010, Terrazas et al., 2005,
Colley et al., 2005). Through in vitro co-culture experiments van der Werf et al.,
investigated the role of AAM® in the maintenance of the hyporesponsive T cell
phenotype during L. sigmodontis infection (van der Werf et al., 2013). AAM® from
day 60 infected BALB/c mice inhibit the proliferation of day 60 pi Tu2 cells in
response to L. sigmodontis antigen, however this effect was not reversed through the
addition of PD-L1/PD-L2 blocking antibodies (van der Werf et al., 2013). Thus, this
paper concluded that AAM® are not responsible for induction of the hyporesponsive
T cell phenotype via PD-L2. However, in these co-culture experiments only F4/80™
M® were used and the publication by Gundra et al. have demonstrated that PD-L2
expression is limited to AAM® possessing a bone marrow derived M® phenotype;

F4/80"°, MHC" (Gundra et al., 2014). Thus, I decided to readdress the potential of the
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M® compartment of susceptible BALB/c mice, which is 50 % BMD by day 50 pi, to
induce the hyporesponsive T cell phenotype.

The data presented in Chapter 3 illustrated that a high percentage of M® in the
BALB/c strain are positive for PD-L2, the expression of which correlated with a
greater adult parasite recovery rate and a weakened immune response when
compared to resistant mice. The detection of PD-L2 positive F4/80" M® within the
susceptible strain strongly suggests that BMDM® can integrate into F4/80™ resM®
niche and this was further supported by the detection of CD102"PD-L2" events. The
continual decline in the percentage of F4/80" cells contributing to the M®
compartment is indicative that the rate of BMDM® integration into the resM® niche
is insufficient to match the rate of influx in this strain. Monocyte depletion prior to
day 35 post infection resulted in an enhanced Ty2 immune response and greater
worm clearance in the susceptible strain, confirming an immunosuppressive and
detrimental role for these cells in worm killing. However at day 35-post infection,
this immunosuppressive role of monocytes could not be attributed to PD-L2
expression. Examination of PD-L2 acquisition by the M® compartment showed that
PD-L2 induction is not observed until between day 35-50-post infection. Thus, the
window of PD-L2 induction on the M® compartment is in alignment with the onset
of Tu2 cell hyporesponsiveness. In order to address if monocytes are involved in the
hyporesponsive T cell phenotype at day 50 pi, the anti-CCR2 antibody was
administered prior to day 35 pi and the M® compartment was examined at day 50 pi.
This strategy also failed to illustrate a role for PD-L2 in the induction of the
hyporesponsive Tp2 cell phenotype, but this was likely a result of monocyte
depletion being transient. A monocytic influx had occurred in many of the anti-
CCR2 treated animals by day 50 pi, resulting in a decrease in F4/80™ M® and
increase in PD-L2" BMDM® within the pleural space. Consequently, I remain
confident that BMDM® infiltrate into the pleural cavity of susceptible mice, become
alternatively activated (PD-L2") and subsequently induce the hyporesponsive T2
cell phenotype. 1 had hoped to infect Cer2”” BALB/c mice to investigate the
susceptibility and dynamics of the M® compartment in this strain. However, due to
complications with the re-derivation process in the animal facility here at the

University of Edinburgh I was unable to carry out these experiments.
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B cells within the pleural space of L. sigmodontis infected BALB/c mice also highly
upregulate PD-L2 (van der Werf et al., 2013). Thus, work carried out by a postdoc
within the Institute of Immunology and Infection Research at Edinburgh University
has followed on from this preliminary data generated by Nienke van der Werf.
Through the generation of mix bone marrow chimeric animals, in which PD-L2
deficiency was restricted to the B cell compartment, Dr. Johanna Knipper in
Matthew Taylor’s group has concluded that B cells, while immunosuppressive also,
are not responsible for the induction of the hyporesponsive T cell phenotype
(Knipper & Taylor, unpublished data). To conclusively illustrate a role for PD-L2
expression on BMDM® in the induction of hyporesponsive Ty2 cells I believe the
generation of mice with PD-L2 deficiency restricted to BMDM® would be

necessary.

Collectively, the data from Chapter 2-4 has highlighted that the functional
capabilities of a M® with regard to worm killing is independent of ontogeny, but is
the result of the maturation state (monocyte-MoM®-resM®) of the M® upon IL-4
stimulation. M® possessing a resM® phenotype assume an M(IL-4) activation state
that within the pleural space is likely to be constructive to worm killing. In contrast,
M® possessing a monocyte/ MoM® phenotype assume an M(IL-4) activation state
which is more immunosuppressive and in the context of L. sigmodontis infection
within the BALB/c strain contributes to delayed worm clearance. Recruitment of M®
from the bone marrow is a signature of pro-inflammatory type 1 immune responses
mounted against bacterial and viral pathogens. In general, bacterial and viral
pathogens pose a more imminent threat to the host than do multicellular parasites and
consequently, the type 1 immune response functions to rapidly contain and kill such
pathogens often at the expense of host health, in the short term. In contrast, helminth
parasites can survive within their hosts for decades; consequently mounting a pro-
inflammatory immune response with the potential for prolonged self-damage would
not be in the overall interest of the host. Consequently, I hypothesise that the
immunosuppressive phenotype assumed by BMDM® as they infiltrate into an
immune milieu dominated by the type 2 cytokine IL-4 is an evolutionary mechanism
to prevent against self-harm. Indeed, BMD AAM® recruited to the liver during S.

mansoni infection are PD-L2" and their depletion while enabling in an enhanced Ty2
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immune response ultimately resulted in the mice succumbing to infection

(Nascimento et al., 2014, Girgis et al., 2014).

Worm killing in the susceptible BALB/c strain eventually occurs ~day 80-90 pi and
has been associated with a mixed Tyl/Ty2 immune response (Saeftel et al., 2003)
and the integration of neutrophils into granulomas that form around fully developed
adult worms(Attout et al., 2008). Given that day 50 pi was the latest date investigated
in this thesis, the role that M® play in the eventual killing of worms in the BALB/c
strain remains unexplored. Consequently, I believe that it would be interesting to
investigate how the M® compartment changes between day 50-80/90 pi, specifically
do the BMDM® assume a more resident phenotype, involving PD-L2 down

regulation, which is constructive to worm killing?

Detailed immunohistochemical analysis of granulomas isolated from the pleural
space will enable a greater understanding of how different immune cells populations
collaborate to trap and kill L. sigmodontis worms. Specifically, it would be
interesting to examine what makes direct contact with the worm, do antibodies bind
directly to the worm and facilitate M® and eosinophil/neutrophil attachment. Do M®
and neutrophils form extracellular traps, as demonstrated in S. stercoralis infection to

further trap the worms?

The data in Chapters 2-4 demonstrate that an expanded resM® population are
beneficial to worm killing, whereas BMDM® were detrimental. An influx of
BMDM® is characteristic of bacterial infections and often results in the
disappearance of the resM® population. I was therefore interested in addressing
whether BMDM® display enhanced bactericidal capabilities when compared to
resM®. This question was the focus of Chapter 5, in which an in vitro system was
employed to overcome the in vivo disappearance reaction. The peritoneal exudate
cells (PEC) from naive animals and thioglycollate-injected animals, both of which
contain a high proportion of M®, were cultured in vitro and infected with Salmonella
Typhimurium. BMDM® contain significantly more Sa/monella Typhimurium 1-hour
post in vitro infection, demonstrating a heightened ability to ingest or be infected by
Salmonella Typhimurium. Furthermore, by 24 hours pi fewer bacteria are detected

on agar plates that were streaked with thioglycollate infected PEC vs. naive infected
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PEC. This data demonstrated that thioglycollate-elicited PEC more rapidly kills
Salmonella Typhimurium when compared to naive PEC. While M® are the primary
component of PEC, we cannot rule out the possibility that neutrophils also played a
role. The in vitro findings did not translate to the in vivo setting were both
populations displayed equal capabilities regarding bacterial uptake. Of note however
is that in vivo the M® compartment of C57BL/6 mice is only 10 % MoM®.
Consequently, the equal percentage of BMDM® and resM® containing bacteria in
vivo despite a 9-fold difference in cell number is suggestive that BMD MoM® may
possess heightened bactericidal uptake capabilities in vivo. Through infection with
GFP" Salmonella Typhimurium and co-staining for LPS, we had hoped to detect a
difference in worm killing between MoM® and resM®. However, by 6 hours post
infection there was no difference in the percentage of GFP™ vs. GFP'LPS" MoM® or
resM®, thus no differences in the in vivo killing abilities of BMDM® and resM®
were detected. Of note however, is that a relatively low dose of Salmonella
Typhimurium was used in these experiments. It is possible that a higher infection

dose would give better resolution.

In conclusion, this project began with the knowledge that IL-4 drives the expansion
of resident pleural macrophages, which were thought to be independent of BMDM®,
during L. sigmodontis infection of resistant C57BL/6 mice. I decided to investigate
contribution of this expanded resM® population to the phenotype of resistant
C57BL/6 and susceptible BALB/c mice during L. sigmodontis infection. As a result I
have discovered that expansion of the resM® population in the resistant C57BL/6
strain is a result of both local proliferation and integration of BMDM®. Importantly,
integration of BMDM® also occurs under homeostatic conditions demonstrating that
the resident cells of the pleural cavity are not independent of the bone marrow.
Furthermore, resM® depletion during L. sigmodontis infection was supportive of a
proactive role for F4/80™ M® in worm killing. Given the enrichment of M® and B
cells, which are capable of secreting antigen-specific IgM, in resistant C57BL/6 mice
compared to BALB/c, I hypothesise that a M®-antibody mechanism of worm killing
is at play within this strain. Future work in the lab might investigate the interaction of
these immune players in the formation of granulomas around adult worms. In

contrast, [ have found that susceptibility in the BALB/c mice was marked by a deficit
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in F4/80" resM® expansion and an influx of BMDM®. Depletion experiments
strongly suggested a detrimental role for BMDM® in killing of L. sigmodontis
worms. The mechanism through which BMDM® exert their immunosuppressive
functions remains elusive, though it is likely that expression of PD-L2 by monocytes
is one potential mechanism. Given the association of F4/80hi M® with the resistant
phenotype, I propose that encouraging successful integration of BMDM® into the
resident niche in susceptible BALB/c mice may enhance their resistance. This could
potentially be achieved through breeding BALB/c mice on a Vitamin A
supplemented diet or through direct administration of retinoic acid, both of which
should promote conversion of BMDM® into resM® through GATAG6 induction. To
surmise, | have uncovered a previously unappreciated difference in the dynamics of
the M® compartment of C57BL/6 and BALB/c mice, which reflects their ability to
mount a protective immune response against L. sigmodontis. 1 predict that further
study of these diverse M® dynamics will reveal novel mechanisms of M®-mediated

worm killing.

6.1 Future directions

The findings presented in this thesis have highlighted the distinct differences in the
dynamics of pleural macrophages compartment between C57BL/6 and BALB/c mice
both in the naive situation and during L. sigmodontis infection. Furthermore, the
results from chapter 3 have highlighted the potential impact of diverse M¢
compartments upon worm killing. The experiments listed below would enable further
elucidation of the role of M¢ in resistance and susceptibility during L. sigmodontis

infection.

Hypothesis 1: Recently recruited BMDM¢ are detrimental to worm killing in
BALB/c mice through the induction of a hyporesponsive T cell phenotype.
Experiment 1: Infection of WT and CCR2” BALB/c mice with L. sigmodontis and

assessment of worm burden, M¢ activation and T cell phenotype at day 35 and 50 pi.

Hypothesis 2: Expression of PD-L2 by recently recruited AABMDM¢ is
responsible for the hyporesponsive T cell phenotype which underpins susceptibility

in the BALB/c strain. Experiment 2: Generation of bone marrow chimeric mice, in
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which CCR2™" hosts would receive total irradiation, followed by engraftment with
bone marrow from CCR2”" and PDL-2"" donors at a ratio of 80:20. The reconstituted
hosts would then be infected with L. sigmodontis for 35 and 50 days at which time

points worm burden, M¢ activation and T cell phenotype would be assessed.

Hypothesis 3: Maintenance of a resM¢ population in the susceptible BALB/c
strain would promote resistance. Experiment 3: Breed susceptible BALB/c mice on
a high fat diet, which will provide an excess of retinoic acid, the driver of the tissue
specific transcription factor GATA6.The mice on the high fat diet would then be
infected with L. sigmodontis for 50 days, at which time point worm recovery,

macrophage activation and T cell phenotype would be assessed.

Hypothesis 4: L. sigmodontis infection of resistance C57BL/6 mice deficient in
resident macrophages and monocyte recruitment would result in enhanced
susceptibility. Experiment 4: L. sigmodontis infection of GATA6”"CCR2”" mice on
the C57BL/6 background for 35 and 50 days, potentially also 55/60 days to
determine if microfilariae ensues. At these endpoints, worm burden, macrophage

activation and T cell phenotype would be characterised.

Hypothesis 5: Secretory IgM collaborates with resM¢ to trap and kill L.
sigmodontis worms. Experiment 5: Infection of secIgM deficient mice with L.
sigmodontis and analysis of worm burden at day 35 and 50 post infection.
Experiment 6 Detailed histological analysis of granulomas isolated from WT and

SeclgM deficient mice on day 35/50 post infection.
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Chapter 7  Materials and methods

7.1 Mice

7.1.1 Source and housing

WT CD45.1""/ CD45.2""" C57BL/6 and BALB/c, C3” and PD-L2" mice were bred
in house and maintained in specific pathogen free (SPF) facility at the University of
Edinburgh. All animals were aged 6-8 weeks at the beginning of the experiment and
due to sex differences in susceptibility to L. sigmodontis infection only female mice
were used. Prof. Ludger Klein at the Ludwig-Maximiliansi-Universitat-Munchen
kindly gifted us the CD45.1""* BALB/c mice. The Ccr2” mice were kindly provided
by Dr. Stephen Jenkins from the Queens Medical Research Institute at the University
of Edinburgh and originally sourced from Jackson Laboratories (Ccr2™!™).
Complement component C3 deficient mice (C3”") mice were kindly provided by
Professor Marina Botto at Imperial College London. Mice deficient in PD-L2 were

kindly gifted by Prof. Arlene Sharpe at Harvard University.

7.1.2 Genotyping of C3™ mice
The C3” mice were generated from heterozygote C3”* breeding pairs; this enabled
the comparison of C3” mice with their WT control littermates. Ear snips were
digested to isolate DNA using the SIGMA-ALDRICH RED Extract-N-Amp tissue
PCR kit. A PCR reaction to amplify up the gene of interest was set up using the
isolated DNA and the following primers:

mC3/2371 ACC CAG CTC TGT GGG AAG TG
mC3/2225- CTT CAT AGA CTG CTG CAA CCA
C3/C4 NEO 1 AAG GGA CTG GCT GCT ATT GG

The PCR reaction was subsequently run on a 2 % agarose gel to identify
homozygotes, heterozygotes or WT pups. The homozygote is identified by the
presence of a single band of 1100 base pairs, the WT by a band at 920 base pairs and
the heterozygote presents with a bands at 1100 and 920 base pairs.
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7.1.3 Generation of partial bone marrow chimeric mice

40 female CD45.1"" mice were anesthetised using Dormitor and Vetalar (80 ul/ 10 g
body weight; 1ml Dormitor, 0.78 ml Vetalar in 8.24 ml dH,O) intraperitoneally, in
groups of 5. Once successfully anesthetised, the 5 mice were placed in bubble wrap
(to maintain body temperature) on a Perspex tray over a 2 inch lead shield; the upper
body was protected by the lead shield and the lower limbs exposed. The shelf
holding the lead block, Perspex tray and mice was then placed into the irradiator. The
irradiator has a cesium'®’ source and the length of irradiation was calculated based on
the rate of decay to ensure delivery of 9.5 Gy y- irradiation. Once the period of
irradiation was complete the mice were given an anti-anaesthetic (Antisedan 100 pl)
into the scruff. The animals were kept in a heat box until they had fully recovered
from the aesthetic and given an antibiotic for four weeks to avoid infection (Baytril
in water). 24 hours post radiation host CD45.1"" mice received 4.55 X 10° CD45.2"*

bone marrow cells in 200 pl PBS i.v.

7.1.4 Isolation and preparation of donor bone marrow

14-16 CD45.2"" female mice were sacrificed via CO, ~The femurs and tibiae were
removed. A 27G needle was used to flush the marrow from the bones and aggregates
were broken up using a 23G needle. Centrifugation (1,200 rpm for 5 minutes)
yielded a red pellet containing erythrocytes and pluripotent cells. This pellet was
suspended in 5 ml of Red Blood Cell Lysis Buffer (R7757 SIGMA) solution for 2
minutes to lyse unwanted erythrocytes. The solution was brought up to 50 ml and
passed through a 100 um strainer before centrifugation of the filtrate. This yielded a
white pellet, which was suspended in 10 ml Dulbecco’s Phosphate Buffered Saline
(PBS) (SIGMA: D8537) and counted using a Nexcelom Bioscience Auto T4
Cellometer cell counter. The cells were finally passed through a 40 um strainer,
centrifuged once more and resuspended in sterile PBS at 20 - 25 X 10° cells/ ml to

yield 4-5 X10° cells/ 200 pl.

7.2 Infections
7.2.1 Litomosoides sigmodontis

L. sigmodontis infective stage 3 larvae (L3) were isolated from the ornithonyssus

bacoti mite vector. Subsequently, 30 L3s were counted and suspended in 200 pl
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RPMI (5% horse serum). The mice were then injected subcutaneously into the scruff

using a 23G needle to ensure larval transmission.

7.2.2 In vivo infection with Salmonella Typhimurium SL3261

Mice were injected with S. Typhimurium SL3261 GFP (1X10° CFU/200 ul PBS) or
PBS i.p. At 1, 3, 6 and 24 hours post infection the animals were culled via schedule 1
(CO,). The PEC was isolated through washing the cavity with 9 ml of RPMI
supplemented with 0.2% mouse sera and the cells were subsequently stained for flow

cytometric analysis.

7.3 Administration of anti-CCR2 Mab

The anti-CCR2 Mab (MC-21) and control Rat IgG (MC-69) were kindly provided by
Prof. Matthias Mack at the Mannheim University of Applied Sciences. 20 pg of
MC-21 / Rat IgG was administered on a daily basis from day 31-34 post infection;
the animals were subsequently sacrificed on day 35 or 50- post infection. A Rat
IgG2B antibody from BioXcell (Clone; LTF2) was also used as a control prior to
provision of MC-69. All antibodies were prepared under sterile conditions and

administered intraperitoneally in 200 pl of PBS.

7.4 Clodronate liposome administration

Clodronate containing liposomes were sourced from clodronateliposomes.Org.
C57BL/6 mice infected with L. sigmodontis were rendered temporarily unconscious
through exposure to the inhalable anaesthetic isofluorane. The chest area was then
sprayed with 70 % ethanol and shaved using a scalpel. 200 pl of clodronate
liposomes or PBS was subsequently injected into the pleural space. The injection was
carried out with a 23G needle which had been bent ~0.5mm below the bevel to
generate a needle containing a 90° angle. This angled needle enabled the exploration
of the exposed chest area until the needle gently slipped between the ribs. The short
bend prevented over insertion of the needle into the cavity. The mice quickly

regained consciousness and were monitored while they recovered.
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7.5 Tissue processing
7.5.1 Isolation of tissues

Isolation of the pleural exudate cells (PLEC) and worms residing in the pleural cavity
was achieved through washing the pleural cavity with 10 ml (2ml and 8ml washes)
complete Roswell Park Memorial Institute (RPMI) media containing 1 % penicillin-
Streptomycin (ThermoFisher Cat#; 15140122) and 1 % L-Glutamine (ThermoFisher
Cat #; 25030081). The parathymic lymph nodes were also isolated and placed in
RMPI (1% PS, 1% LG). Under sterile conditions the lymph nodes were crushed
between two pieces of gauze in a mini-petri dish and collected in 7 ml media. The

lymph node suspension was centrifuged and suspended at 20 X 10° cells/ ml.

7.5.2 Worm recovery

Worms were recovered through passing the 10 ml of PLEC wash through a 40 pm
strainer placed in a 6 well plate, keeping the 2ml and 8ml washes separate. The
worms and any granuloma material captured in the strainer were stored in RPMI and
either analysed immediately or stored at 4°C for a maximum of 48 hours. The
parasite counts and morphological analysis of L. sigmodontis worms, presented in
this thesis, were carried out by Alison Fulton, the life cycle manager within our lab.
Granuloma were identified as any solid tissue material isolated from the PLEC wash,
either containing worm debris or not. Worms and granuloma isolated on day 12 p.i.
were fixed in 4 % formalin, whereas those isolated on day 28, 35 and 50 p.i. were
fixed in 70 % warm ethanol. The fixed worms and granuloma were counted using a
Leica DM2000 microscope and Leica MZ9.5 software package. For measurement
and sex identification, the worms were placed individually on a glass slide in a drop
of 40 % glycerol. Worms isolated on day 11 and 28 post infection are photographed
at X 20 magnification and a magnification of X 6.3 is used to photograph day 35 and
day 50 worms. Furthermore, the presence of the buccal cavity was used to
distinguish L4 from L3 larvae. Using the X 60 magnification lens, female worms are
identified through the presence of vulva and male through the identification of the
spematheaca. Mature male worms possess a characteristic coiled tail. The recovery
rate was calculated as: (number of recovered worms/ number of larvae used for

infection) X 100.
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7.5.3 Isolation of the pleural exudate cells

Once filtered through a cell strainer to isolate the worms, the first 2 ml of PLEC
wash was collected, centrifuged and the supernatant was retained for analysis by
enzyme-linked immunosorbent assay (ELISA). The remaining 8 ml was filtered and
the PLEC was combined with the pellet of the first 2 ml before an additional
centrifugation step. The pellet was then lysed in 2 ml Red Blood Cell Lysis Buffer if
necessary or suspended in 5 ml RPMI (1% PS, 1% LG) and counted using the
Nexcelom cell counter. The pellet was suspended at 5 X 10° cells/ ml and 200 pl was

used for flow cytometric staining.

7.5.4 Restimulation of lymph node and pleural cells

Lymph node cells (1-2 X 10° 100ul) were placed in a round bottomed 96 well plate
and stimulated with phorbol 12-myristate 13 acetate (PMA, Sigma-Aldrich; P8139,
0.5 pg/ml) and Ionomycin (Sigma-Aldrich, 1 pg/ml) for 2 hours and subsequently
treated with a Brefeldin A (Sigma-Aldrich , 10 pg/ml) for an additional 2 hours. The
plate was subsequently centrifuged, the supernatant discarded and the pellet stained

for analysis via multiparameter flow cytometry.

7.5.5 Flow cytometry staining

Pleural cells (5 X 10°/ 1 X 10% 100/200 pl) were suspended in RPMI (1% PS, 1%
LG) were placed in 96 well round bottomed plate and centrifuged. The pellet was re-
suspended (briefly run plate over vortexor) and 180 ul of PBS was added to each
well, the plate was then centrifuged again (this is a wash). The cells were washed
once more in PBS. The cells were re-suspended in 10 ul Aqua/Blue Live Dead Stain
(life technologies, stock resuspended in 12.5 pul DMSO, 1:500 dilution of stock in
PBS for working concentration, Cat #L.34957/L.23105) for 10 minutes. Unspecific
binding was prevented by the addition of a block solution (10 pl) containing anti
CD16/32 (1:100) and purified mouse sera (1:100) in FACS buffer (PBS
supplemented with 2mM EDTA and 0.5% BSA) for 30min on ice. A 30 pl mix (see
table) of surface stain antibodies were added to the wells for 30 minutes on ice. The
samples were washed twice in FACS buffer and re-suspended in 50 ul of detection

antibody (Streptavidin/anti rabbit) for 30min on ice. For cells that were only stained

Chapter 7 —Materials and Methods 157



for surface antigens, the plate was washed twice more in FACS buffer and the pellet

suspended in 300 pl before acquiring on the LSR 1I.

For cells which were stained for intracellular antigen the plate was washed twice in
FACS buffer after surface staining, suspended in 150 pl/ well of BD permeablization
buffer (1 part fixative: 3 part dilution buffer, eBioScience, Foxp3/Transcription
Factor Staining Buffer Set, Cat #: 00552300) and stored at 4°C over night. The
following morning the plates were centrifuged and washed once with 1 X
permeablization buffer (1:10 in dH,O, eBioScience, Foxp3/Transcription Factor
Staining Buffer Set, Cat # : 00552300). The intracellular antibodies were then added
to the wells (20 pl) for 30 minutes at room temperature (RT). This was followed by
two washes with 1 X permeablization buffer. Secondary antibodies were
subsequently added to the wells for 45 minutes on ice. The plates were washed twice
more with 1 X permeablization buffer and then once in FACS buffer, before
suspension in 300 pl and acquisition on the LSR II ( BD Biosciences, USA) or in 100
ul for acquisition on the Canto II (BD Biosciences, USA) using BD FACS Diva

software. Data was analysed using FlowJo software.
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Table 3 Complete List of antibodies used

Dilution | Dilution in Dilution in

in30 pl 20 pl 50p1
Catalogue Isotype surface tracellular detection
number . . .
stain stain stain
Ki67 Miltenyi 130-100-340  Recombinant human IgG1 REA183 5 pl/sample
e CD45.1 BD Pharm 553775 Ms lgG2a, k 220 220
Zenon Rabbit IgG Molecular Probes 725302 X X 300
Streptavidin BioLegend 405201 X X S
TNFa BioLegend 506313 Rat IgG1, k IR 2
Gata3 Miltenyi 130-100-689  Recombinant human IgG REA174 8
TIM4 BioLegend 130005 Rat IgG2a RMT4-54 600
PD-L2 eBioscience 12-5986 Rat IgG2a TY25 200
Zenon Rabbit IgG Molecular Probes 725355 X X 300
=
Siglec F BD Pharm 552126 Rat IgG2a, k E50-2440 80
IL-4 BioLegend 504104 Rat IgG1, k 11B11 100
PD-1 eBioscience 12-9985-81 Armenian hamster IgG J43 100
MHC I BioLegend 107624 Rat IgG2b, k M5/115.15.2 240
PerCP CD45.2 Biolegend 109286 Ms IgG2a 104 60
Gr1 Biolegend 108426 Rat IgG2b, k RB6-8C5 80
CD4 Biolegend 100432 Rat IgG2b, k GK1.5 200
Pe-Cy7 F4/80 eBioSciences 25-4801-82 Rat IgG2a, k BM8 180
CD8 Biolegend 100722 Rat IgG2a, k 53-6.7 200
IFNy BioLegend 505826 Rat IgG1, k XMG1.2 100
APC CD115 BioLegend 135510 Rat IgG2a, k AFS98 60
IL-5 BioLegend 504306 Rat IgG1, k TRFK5 100
AF700 CD45.2 BioLegend 109822 Ms (SJL) IgG2a, k 104 200
MHC Il BioLegend 107622 Rat IgG2b, k M5/115.15.2 600
CD4 BioLedgend 100536 Rat IgG2a, k RM4-5 100
CD11b eBioSciences 47-0112-82 Rat IgG2a, k M1/70 480
AF780 Streptavidin eBioSciences 47431782 X X 400
TCRB BioLedgend 109220 Armenian hamster IgG H57-597 200
BV421 CD19 BioLegend 115538 Rat IgG2a, k 6D5 180
Ly6G BioLegend 127627 Rat IgG2a, k 1A8 180
SigF BD Pharm 562681 Rat IgG2a E50-2440 180
PacBlue TCRB BioLegend 109226 Armenian hamster IgG H57-597 180
CD45.2 BioLegend 109820 Ms 1gG2a, k 104 80
MHC I eBiosciences 47-5321-82 Rat IgG2b, k M5/115.15.2 300
CD4 BioLegend 100534 Rat IgG2a, k 200
RM4-5
BV570 Ly6C BioLegend 128029 Rat IgG2c, k HK1.4 100
BV605 CD11c BioLegend 117334 Armenian hamster IgG N418 120
BV711 CD11b BioLegend 101241 Rat IgG2b, k M1/70 1000
Purified Realma Peprotech OCRZE D % ey
GATA6 Cell signalling technologies 5851s Rabbit IgG D61E4 240
CD102 BioLegend 105604 Rat IgG2a, k 3C4 (MIC2/4) 100
Biotinylated CD45.1 eBioSciences 13-0453-85 Ms 1gG2a, k A20 200
Ly6C BioLedgend 128004 Rat 1gG2c, k HK1.4 80
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Table 4 Staining panels used for L. sigmodontis infection time course
experiments

FITC Relma (Pur) Ki67 CD102 (Biotin)
PE TIM4 GATAG (Pur) PD-L2
PerCP MHC II
Pe-Cy7 F4/80
APC CD115
AF700 CD45.2
AF780 CD11b
PacBlue CD19,Ly6G,SigF, TCRB
BV570 Ly6C
BV605 CD11c
Amycan Live Dead

The pleural exudate cells were stained for analysis via multi-parameter flow cytometry using the
above staining panels. Stain I and II were stained for surface antigens, permeabilized overnight,
stained for intracellular antigens and incubated with respective secondary antibodies. Stain III was

stained for surface antigens and subsequently incubated with a FITC conjugated anti-streptavidin
detection antibody.
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Table S Staining panel used for L. sigmodontis infected partial bone
marrow chimeric mice.

Stain | Stain Il Stain Il Blood
stain
FITC Relma Ki67 CD45.1 CD45.1
PE TIM4 GATA6 PD-L2 Siglec F
PerCP CD45.2  CD45.2 MHC II Grl
Pe-Cy7 F4/80 CD11b
APC CD115 CD115
AF700 MHC I CD45.2
AF780 CD45.1 (Bio) CD102 (Bio) Ly6C (Bio)
PacBlue CD19,Ly6G,SigF, TCRB CD45.2
BV570 Ly6eC
BV605 CD11c
BV711 CD11b
uv Live Dead
AmCyan Live dead

The pleural exudate cells were stained for analysis via multi-parameter flow cytometry using the
above staining panels. Stain I and II were stained for surface antigens, incubated with AF780
conjugated anti-streptavidin secondary antibody, permeabilized overnight, stained for intracellular
antigens and incubated with respective secondary antibodies (FITC/PE — Anti-rabbit IgG). Stain III
and the blood strain were stained for surface antigens and subsequently incubated with an AF780
conjugated anti-steptavidin detection antibody.
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Table 6 Staining panel used for analysis of Ty2 immune response

FITC Gata3 Gata3
PE PD-1 IL-4
PerCP CD45.2
Pe-Cy7 IFNy
APC IL-5
AF700 CD4
PacBlue CD4

Amycan Live Dead Live Dead

The parathymic lymph nodes and pleural exudate cells were stained by Dr. Johanna Knipper to
investigate the strength of the Ty2 immune response as measured by production of cytokines by
GATA3" T cells. Stain I, cells were incubated with surface antigen antibodies only. Stain II cells were
incubated with surface antigens, permeabilized and the stained for intracellular antigens.

7.5.6 Generation of MoM® and resM®

Mice were injected with thioglycollate (4%, 400ul) i.p and subsequently culled via
schedule 1 (CO,) on day 3. The peritoneal cavity was washed with 9 ml ice cold
complete Roswell Park Memorial Institute media, supplemented with 0.2% mouse
sera, to isolate the peritoneal exudate cells (PEC). ResM® were isolated from the
peritoneal cavity of naive mice PEC from multiple naive mice (9/pool) were pooled

to create technical replicates.

7.5.7 Salmonella Typhimurium culture
Bacteria from frozen stock (500 pl) was defrosted, a small volume (~1 pl) was

dispensed into 20 ml of LB broth and incubated at 37°C for 18 hrs at which point the
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bacteria is assumed to be at a concentration of 500X10° bacteria/ml. This o/n culture

was then diluted to an MOI 1 (8X10° bacteria/ml) and MOI 5 (4 X 10" bacteria/ml).

7.5.8 Salmonella Typhimurium SL3261 infection of PEC.

Thioglycollate elicited and tissue resident cells were cultured separately or together
at a concentration of 4X10°cells/100 pl/well and let settle for 2 hours. For co-culture
experiments, C57BL/6 Cd45.1 mice were thioglycollate injected and naive C57BL/6
Cd45.2 mice were a source of tissue resident cells. The cells were infected with a
multiplicity of infection (MOI, 50 pl) of 0, 1 or 5 for 1 hour at 37°C in 5% COy
Subsequently the samples were stimulated with RPMI (50ul, 1% L-glutamine, 5%
foetal calf serum and 200 pg/ml) for 1, 24 or 48 hours. After this incubation period
the supernatant (150 pl) was removed and the cells were stained for flow cytometry.
Serial dilutions of the MOI was plated on lysogeny broth (LB) agar plates and
incubated at 37°C in 5% CO, for 24 hours. The resultant colonies were counted to

confirm the infectious dose.

7.5.9 Statistical analysis

For all experiments in this thesis comparing naive and infected C57BL/6 and
BALB/c mice statistical significance was determined using a two way-ANOVA
analysis. A two way ANOVA compares the differences of the mean between two
groups (C57BL/6 and BALB/c) which are divided on two independent variables
(naive and infected). The data generated from the experiments presented here was in
line with all six assumptions necessary to enable a two way- ANOVA analysis. For
experiments in which only two sample sets were being compared (e.g. WT infected
vs CCR2™ infected) statistical significance was determined through use of a
student’s T test. The students t test enables the comparison of the mean of two

groups with unknown variance and group size need not be equal.
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Chapter 8  Appendices

8.1 Appendix 1: Worm recovery rate and health
throughout other experiments.
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Experiments 2 and 5 were chosen as representative and combined for presentation in
Chapter 2. Experiment 1 was excluded as the very high recovery rate was indicative

of a higher infectious dose.
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8.2 Appendix 2: Worm health at day 35 and 50 post
infection - Experiment 4
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8.3 Appendix 3: Worm health at day 35 and 50 post
infection — Experiment 6
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8.4 Appendix 4: Proliferation of F4/80" M®
throughout time course
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Combination of Ki67" staining at day 11 pi from experiments 2, 3 and 6 are
represented in Chapter 2. Experiment 1 was excluded due to an abnormal recovery
rate. Of note is the increase in Ki67" staining of the F4/80™ population in infected
BALB/c mice at day 50 pi in experiment 4 and 5. This is reflective of the migration
of bone marrow derived MoM® and monocytes into the F4/80" gate rather than

increased proliferation.
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